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Homoepitaxy on metal surfaces at electrochemical environment has been adopted as model
system to investigate the dependence of growth modes on sample potential and metal
deposition rate as well as the influence of anions e.g. halides. In operando surface X-ray
scattering (SXS) experiments at the interface between an Au(001) electrode and HCl +
HAuCl4 containing electrolyte Krug et al. have observed that the growth mode depends on
the electrode potential and Au ion concentration. Transitions from 3D to layer-by-layer and
to step-flow growth mode were observed at sample potentials, where the unreconstructed
substrate surface is stable. To understand the morphology and differences of growing
structures during electrodeposition model calculations for atomistic processes accounting
for coadsorbed atoms are required.
In this work density functional theory (DFT) calculations have been employed to investi-
gate self-diffusion of a Au adatom and nucleation of Au islands on Cl covered unreconstructed
Au(001) terraces. As step-flow growth mode involves rapid mass transport on flat terraces,




2)'45◦-Cl and 2 (2 × 2)-Cl Au(001)
surfaces have been calculated with Cl coverage of 1/2 and in the presence of a Cl vacancy in
the adlayer structure. A prerequisite for calculating diffusion mechanisms is the search of
global energy minimum configurations, our DFT calculations have shown that the AuadCl2
complex stays stable at different Cl coverages. It has been found that in case of the fully
Cl covered Au(001) surfaces the diffusion energy barriers are ≥ 0.44 eV. In the presence
of a neighboring Cl vacancy the diffusion barriers are drastically reduced to about half of
the value for the fully Cl covered surface. Thus, Au self-diffusion on covered surfaces is
promoted by Cl vacancies.
DFT calculations addressing the initial steps toward Au island nucleation on 2 (2 × 2)-
Cl covered Au(001) surfaces have been carried out. The atomic geometry of Au= adatom
structures for = ≤ 4, as well as their stability as a function of Cl chemical potential has
been determined. A weakly bonded (AuCl2)-chain as the most stable structure has been
identified in case of Cl chemical potentials such that Cl vacancies are suppressed. In the
range of Cl chemical potential, where Cl vacancies occur in equilibrium with the adlayer
and bind to a Au adatom structure, significant changes in regard to the Auad-structure are
induced. Moreover, the formation of a dimer from two monomers is accompanied by an
energy gain between 0.06 – 0.23 eV. For the formation of Au trimer and tetramer structures
the calculations suggest a similar tendency. Results indicate that on 2 (2 × 2)-Cl covered
Au(001) surfaces the Auad-island nucleation is supported by the presence of vacancies in the
Cl adlayer.
The dependence of the diffusion energy barriers on sample potential is estimated from the
variation of the dipole moment along the diffusion path. However, for more reliable estima-
tions the double layer capacity and the potential of zero charge for the Au(001)/electrolyte
interface are required.
iii
This work reveals the complex influence of the coadsorption of Cl atoms on the self-
diffusion of Au adatom and the nucleation of Au islands. Our results refer to intralayer
processes and nucleation on Cl covered terraces. The Cl adlayer strongly modifies the
adsorption properties and energies of small Au clusters, which results in different diffusion
mechanisms and Au cluster equilibrium structures compared to the clean surface. The
concentration of halide vacancies in the Cl adlayer may play a decisive role for the self-
diffusion and for the energetics of island nucleation.
iv
Kurzfassung
Homoepitaxie auf Metalloberflächen in elektrochemischer Umgebung wurde als Modellsys-
tem angenommen, um die Abhängigkeit der Wachstumsmodi von einem angelegten Proben-
potential zu untersuchen. Ebenso wurde der Einfluss von Anionen (z.B. Halogeniden) auf
Metallabscheidungsraten analysiert. Bei operando Oberflächen-Röntgenstreuexperimenten
(SXS) an der Grenzfläche zwischen einer Au(001)-Elektrode und einem HCl + HAuCl4 Elek-
trolyt, haben Krug et al. beobachtet, dass derWachstumsmodus vom Elektrodenpotential und
der Au-Ionenkonzentration abhängt. Übergänge vom 3D- über das Layer-by-Layer- hin zum
Step-Flow-Wachstumsmodus wurden bei Probenpotentialen, bei denen die unrekonstruierte
Substratoberfläche stabil ist, beobachtet. Für ein detaillierteres Verständnis der Morphologie
und der Unterschiede der wachsenden Strukturen während der Elektrodeposition sind Mo-
dellrechnungen für atomistische Prozesse unter Berücksichtigung ko-adsorbierter Atome
erforderlich.
In dieser Arbeit wurden Dichtefunktionaltheorie (DFT) basierte Rechnungen verwendet,
um die Selbstdiffusion des Au-Adatoms und die Nukleation der Au-Insel auf Cl-bedeckten,
unrekonstruierten Au(001)-Terrassen zu untersuchen. Für den Step-Flow-Wachstumsmodus
ist ein schneller Massentransport auf flachen Terrassen erforderlich. Diffusionsmechanismen




2)'45◦-Cl und 2 (2 × 2)-Cl bedeckten Au(001)-Oberflächen
– gleichbedeutend einer Cl-Bedeckung von 1/2 – wurden für vollständige, sowie mit Va-
kanzen durchsetzter Cl-Adlage berechnet. Eine Voraussetzung für die Berechnung von
Diffusionsmechanismen ist das Bestimmen von globalen Energieminima-Konfigurationen.
Die in dieser Arbeit durchgeführten DFT-Berechnungen haben gezeigt, dass der AuadCl2
Komplex bei verschiedenen Cl-Bedeckungen stabil bleibt. Es hat sich gezeigt, dass im Falle
der vollständig mit Cl bedeckten Au(001)-Oberflächen die Diffusionsenergiebarrieren ≥ 0.44
eV sind. Bei einer Cl-Vakanz sinken die Diffusionsbarrieren drastisch auf etwa die Hälfte des
Wertes für die vollständig mit Cl bedeckte Oberfläche. Somit wird die Au-Selbstdiffusion auf
bedeckten Oberflächen durch Cl-Vakanzen gefördert.
Weiterhin wurden DFT basierte Rechnungen zu den ersten Schritten der Au-Insel-Nukle-
ation auf 2 (2×2)-Cl-bedeckten Au(001)-Oberflächen durchgeführt. Auch die atomare Geome-
trie von Au=-Adatomstrukturen für = ≤ 4, sowie ihre Stabilität als Funktion des chemischen
Cl-Potentials wurde bestimmt. Es wurde eine schwach gebundene (AuCl2)-Kette als stabilste
Struktur identifiziert. Im Bereich des Cl-chemischen Potentials, wo Cl-Vakanzstellen im
Gleichgewicht mit der Adlage auftreten und an eine Au-Adatom-Struktur binden, werden
signifikante Veränderungen in Bezug auf die Au-Adstruktur induziert. Darüber hinaus wird
die Bildung eines Dimers aus zwei Monomeren begleitet von einem Energiegewinn zwischen
0.06 – 0.23 eV. Für die Bildung von Au-Trimer- und Tetramerstrukturen deuten die Berech-
nungen auf eine ähnliche Tendenz. Die Ergebnisse zeigen, dass auf 2 (2 × 2)-Cl bedeckten
Au(001)-Oberflächen die Nukleation von Au Inseln durch Vakanzstellen in die Cl Adlage
unterstützt wird.
v
Die Potentialabhängigkeit der Diffusionsenergiebarrieren und der Bindungsenergien wird
aus der Dipolmomentänderung des Systems während des Diffusionsprozesses berechnet. Für
zuverlässigere Schätzungen sind die Doppelschichtkapazität und das Nullladungspotential
für die Au(001)/Elektrolyt-Grenzfläche erforderlich.
Diese Arbeit macht den komplexen Einfluss der Koadsorption von Cl-Atomen auf die
Selbstdiffusion von Au Adatomen und auf die Keimbildung von Au-Inseln deutlich. Unsere
Ergebnisse beziehen sich auf Intralayer Prozesse und Nukleation auf Cl bedeckten Terras-
sen. Die Cl-Adlage modifiziert die Adsorptionseigenschaften und -energien von kleinen
Au-Clustern deutlich. Dies führt zu – im Verlgeich zu sauberen Oberflächen – anderen
Diffusionsmechanismen und Au-Cluster-Gleichgewichtsstrukturen. Weiterhin kann die
Konzentration der Halogenid-Leerstellen in der Cl-Schicht eine entscheidende Rolle für die
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Electrodeposition is utilized in a wide variety of technical fields, ranging from metallurgy to
microelectronics and nanotechnology. Metal or metal-alloy deposition are commonly used
for electrical contacts, in electronics for solder bumps in printed circuit boards (PCB), for
chip interconnections (damascene copper electroplating [1]) and for multilayered coating
to modify surface properties e.g. corrosion resistance or wettability [2]. Currently, it is
being applied for the development of new Li-Based batteries e.g. synthesis of new electrode
materials, fabrication of 3D current collectors (CCs) to enhance the performance of the
battery [3]. The advantage of electrodeposition relies on the capability to tune reactions
by an external electric circuit, enabling the fine and easy control over material deposition.
Therefore, electrodeposition offers a promising way to advance in the direction of renewable
energy sources and storage technologies. To accomplish this an understanding of deposit
morphology evolution is essential, along with the atomic-scale processes involved during
crystal growth and film roughening.
Homoepitaxial Growth under UHV Conditions
Homoepitaxial growth far from equilibrium is determined by the rate of atom deposition
on the surface, and the rates of different atomistic processes encountered by adatoms on
the surface such as mass transport across terraces or over steps [4, 5]. In heteroepitaxial
systems further kinetic effects play a role e.g. the effect of strain on terrace, as well as on
interlayer diffusion [6], and the formation of quantum dots driven by strain [7]. Experiments
for metal homoepitaxy under ultrahigh vacuum (UHV) have identified three growth modes:
step-flow, layer-by-layer and multilayer growth modes, which depend on relative rates along
with temperature and surface orientations. For example, prior studies of homoepitaxy on
clean Ag(001) [8, 9] and Ag(111) [10] surfaces by means of reflection high-energy electron-
diffraction (RHEED) evidenced noticeable different growth behavior. RHEED intensity
oscillation patterns are found for Ag(001) in a temperature range from 200 to 480 K, which
proves a layer-by-layer growth mode. Above 500 K the oscillation patterns disappear and
a intensity is reached, which indicates the transition to the step-flow mode [9]. In case
of Ag(111) RHEED intensities showed no oscillations within the temperature range of
225 to 575 K, intensity curves indicated a transition from multilayer to step-flow growth
mode at increasing temperature [10]. To clarify this anisotropy Yu and Scheffler employed
density functional theory (DFT) to study the self-diffusion of Ag adatoms on flat and stepped
Ag(001) surfaces [11]. They found out that for Ag(001) there is no additional barrier to
1
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descend from an upper to a lower terrace i.e good interlayer mass transport giving rise to a
smooth surface, while the additional step barrier on Ag(111) supports the multilayer growth
mode [11]. Furthermore, authors reported that the equilibrium island shape should be
octagonal very close to a square with predominately {111}-faceted steps [12] in accordance
with experimental findings [13]. Moreover, homoepitaxial growth on Au(001) is a complex
process due to the quasihexagonal reconstruction of the substrate, which has been inferred
as a (5 × 20) structure from low energy electron diffraction (LEED) patterns [14]. Scanning
tunneling microscopy (STM) experiments under UHV conditions by Günther et al. have
shown a layer-by-layer growth mode with strongly anisotropic effects, specifically the
rectangular shape of the island (island shape anisotropy) and strongly anisotropic diffusion
[15]. Theoretical studies addressing these anisotropic effects [16, 17] were carried out by
means of effective medium theory (EMT) and many-atom potential [18] using large super
unit cells (in the order of 104 atoms in Ref. [17]). Within these studies two hexagonal
superstructures, (1 × 5) in Ref. [16] and (28 × 5) in Ref. [17]), were evaluated. Long-time
molecular dynamics (MD) simulations [17] revealed that reconstructed rectangular islands
with a quantized number (6= + 1, where = is natural number) of rows are energetically
preferable as shown in Ref. [15]. Regarding diffusion, authors pointed out that adatoms
move via long-range exchange diffusion process along the reconstruction rows rather than
via hopping mechanisms [17]. In the long-range process, adatoms come into the hexagonal
island or substrate resulting in local distortions and excessive tensile strain which is released
by cooperative motion of atoms along the reconstruction rows [17].
To investigate the spatial and temporal evolution of epitaxial growth theoretical studies
have employed kinetic Monte Carlo (KMC) method. The main idea of KMC is to describe
stochastic processes by their rates a 9 exp (−act, 9/:B) ), where a 9 and act, 9 are the cor-
responding attempt frequency and activation barrier for a given process 9 , respectively.
Activation barriers for relevant processes can be derived by means of DFT calculations, and
hence the corresponding diffusion rates. This methodology has been successfully applied in
several theoretical studies, for example ab initio KMC study of homoepitaxial growth on
Al(111) surface in Ref. [19], and island growth on the reconstructed GaAs(001) in Ref. [20].
Besides, rates can be also calculated on the fly during simulation for a given potential e.g.
Al(100) crystal growth [21] in combination with an embedded atom potential [22]. On cov-
ered surfaces relevant processes are not easily to be determined and extensive calculations
are required, therefore KMC studies including coadsorbates on the substrate are scarce. To
obtain an atomic-scale insight of nucleation and growth processes on covered surfaces, DFT
has been the method of choice for many studies in the literature e.g. growth of Pt oxide
chains at an oxygen coverage Θ ≤ 0.75 ML [23], CuO growth and diffusion mechanisms
on 2 (2 × 2)-O Cu(100) surface [24]. Further DFT calculations in conjunction with ReaxFF
molecular dynamics simulations have been carried out to unravel film growth processes e.g.
metal oxidation at high temperatures [25, 26], but results are limited by the quality of the
force field employed [26]. Therefore, in the present work DFT is the method of choice.
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Atomistic Processes in the Electrochemical Interface
Catalytic reactions, which are technological relevant, occur at the electrode/liquid interface.
Therefore, the understanding of the structure of electrified interfaces represents the core of
many electrochemistry studies. The whole array of charged species and oriented dipoles
existing at the metal-solution interface is called the electrical double layer, which can be
described as an arrangement of layers [27–29]. The layer closest to the electrode is called the
inner Helmholtz plane (IHP), where specifically adsorbed ions reside. The outer Helmholtz
plane (OHP) is the plane of the closest approach of solvated ions to the electrode surface.
These ions are said to be nonspecifically adsorbed, which are distributed from the OHP
into the bulk of the solution (the so-called diffuse layer). Several continuum models were
proposed to describe the electric double layer [27, 30] e.g. Gouy-Chapman-Stern model
yields a sequence of a linear and exponential potential drop within the double layer region.
However, the continuum models do not include the structure of interfacial water and its
impact on the profile of potential drop [31, 32]. Furthermore, the nature of ions and the
local electric field are not accounted for. Current computational ab initio models target
an aspect of electrochemical systems, such as the electrostatic double layer, the electronic
structure at the electrode–electrolyte interface, the electron or ion transfer processes taking
place at constant electrode potential, the ion diffusion in electrolyte [31–33]. But, a unifying
approach, able to cover the statistical mechanics and thermodynamics as well as material
science or electronic structure of these complex systems, is still missing [31–33].
Chemisorbed Adsorbates and Surface Dynamics
Electrolyte species with weakly bound solvation shells can chemisorb on electrode surfaces
e.g. (SO4)−2 on Au(111) [34]. In particular, halides are well-known to form closed-packed
ordered adlayer structures on metal surfaces depending on the sample potential applied
[35]. For example, a 2 (2 × 2)-Cl adlayer on Cu(001) has been observed for sample potential
above -0.4 VAg/AgCl while for more negative potentials (1× 1) phase has been found [36]. In
case of Au(001) surface, the adsorption of Cl starts at sample potential, where the hexagonal
reconstruction of the substrate is stable [37]. The lifting of the reconstruction (hex→ (1×1)
transition) occurs at 0.08 VAg/AgCl in Cl− containing solution [38]. Within the potential





been reported in surface X-ray scattering (SXS) experiments [35]. A defective 2 (2 × 2)-Cl
has been observed in STM images within a sample potential regime from 0 to 0.4 VAg/AgCl
[38], while the surface Cl coverage rises steeply at this potential range [37]. To estimate
theoretically the equilibrium coverage of halides on metal electrodes DFT calculations within
a thermodynamic approach, the so-called Computational Hydrogen Electrode (CHE) [39],
has been successfully employed in several studies [40, 41]. The CHE method is based on the
idea to express the chemical potential of proton-electron pair through the corresponding
chemical potential of gas-phase H2 molecules, using the standard hydrogen electrode (SHE).
Therefore, the explicit treatment of solvated protons is avoided. However, the application of
this method to halides/Ag and halides/Au systems is still an open problem [41–44].
Surface mobility of adsorbates can be enhanced by electrolyte species chemisorbed on
3
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metal surfaces. The influence of adsorbate-adsorbate interaction on surface transport has
been investigated by in situ video-STM for several systems on halide covered metal surfaces.
One of these experiments was performed on the 2 (2 × 2)-Cl covered Cu(100) surface, in
which low coverage of sulfur was embedded i.e sulfur atoms were used as tracer atoms
[45, 46]. It was observed, that the activation barrier was lowered linearly with increasing
sample potential [45, 46]. This strong dependence on sample potential was ascribed to
an electrostatic energy term arising from the interaction of the change of dipole moment
during diffusion and the electric field in the interface as proposed by Giesen et al. within
a thermodynamic condition (surfaces held at constant potential) in Ref. [47]. This inter-
pretation was also adopted by Rahn et al. [48] to explain experimental data for hopping
diffusion of S atoms on a 2 (2 × 2)-Br covered Cu(100)-surface. Interestingly, Rahn et al.
found out an inverted dependence of the activation barrier on sample potential compared to
the Cl covered Cu(100) surface. To understand this difference the authors presented DFT
calculations of Sad hopping diffusion in both halide covered surfaces. Results suggested a
way for the inversion of potential dependence of Sad diffusion on 2 (2 × 2)-Br as compared
to 2 (2 × 2)-Cl covered Cu(100) by a change in the mechanism of the elementary hopping
process.
Electrodeposition processes
Studies of electrochemical deposition have revealed a notable influence of the electrode po-
tential and coadsorbed anions (from electrolyte) on homepitaxial growth of metals [49–53],
while temperature and deposition rate are kept constant. For diffusion-limited deposition
the rate of ions from a solution (with a given concentration) is independent of the chosen
sample potential. Regarding coinage metal systems, experiments for Cu(001) and Au(001)
homoepitaxy in Cl− containing electrolyte were conducted employing surface X-ray diffrac-
tion (SXRD) [50, 51]. Structural information of the interface between coinage metal(001)
electrodes and the Cl− containing electrolyte as a function of sample potential and metal
deposition rate revealed that both systems exhibit an opposite dependence of growth modes
on sample potential. Homoepitaxial growth of Cu(001) in electrolytes containing chloride
proceeds from step-flow to layer-by-layer (2D), and to multilayer (3D) with increasing
sample potential i.e. the surface grows rough [51, 52]. The step-flow growth appears at
sample potential range, where the Cl adlayer is disordered [52]. In case of Au(001), the
growth mode changes from multilayer to layer-by-layer over the sample potential range
toward negative values, where the hexagonal reconstruction of Au(001) surface is stable.
Along this potential range strong anisotropic effects during homoepitaxial growth have
been demonstrated by means of STM experiments [54], which is in agreement with previous
work under UHV conditions [15]. Furthermore, dynamics of hexagonal stripes have been
observed by video-STM experiments [55]. In the regime of unreconstructed Au(001) surface
transitions from 3D to 2D, and finally to step-flow growth mode with increasing sample
potential have been determined from scattered X-ray intensities [50, 56]. The dependence
of Ehrlich-Schwöbel barrier on sample potential has been claimed as responsible for the
3D–2D growth transition. Moreover, the emergence of step-flow mode growth has been
attributed to the rapid diffusion of adatoms on terraces. However, also other quantities
4
such as the dependence of binding properties of a kink site on an island edge on sample
potential [57], as well as the dependence of the binding properties of a critical nucleus on
sample potential may play a role. The latter process compete against the self-diffusion on
the terrace. In case of detachment from an island edge, the interaction between the electric
field in the double layer and the change in dipole moment during the migration from a kink
site to the terrace leads to an electrostatic energy contribution to the activation barrier [57,
58]. Theoretical DFT studies addressed this issue disregarding the presence of coadsorbates,
which yield a positive change in dipole moment i.e a decrease in the activation barrier with
the sample potential [58].
The difference of growth behaviors for both coinage metal(001) surfaces as a function
of sample potential highlight the complex relation between the deposited adatoms with
its local environment. In the presence of metal atoms experimental data of the Cl adlayer
during homoepitaxial Cu(001) growth has shown a mutual interaction between Cu growth
and the Cl adlayer [52]. The reduction of Cu surface mobility has been attributed to the
2 (2 × 2)-Cl adlayer. Moreover, the presence of Cu adatoms affect the Cl ordering dynamics.
Similar studies regarding the Cl adlayer structure during Au electrodeposition are not
available to date. From the structural investigations discussed so far, the surrounding
chloride adlayer (structure and surface density) plays a decisive role in growth behavior.
Concerning theoretical studies, Mesgar et al. investigated by means of DFT the effect of Cl
on self-diffusion of Au adatom on clean and stepped Au(001) surfaces at low Cl coverage [59,
60]. On terraces diffusion mechanisms of Au–Cl complexes on the clean Au(001) surface
were calculated, which yield 0.15 and 0.34 eV for AuadCl2 and AuadCl, respectively. In
Ref. [60] diffusion paths along a step and during the detachment from a step were accounted
in the presence of a Cl adatom. Furthermore, Mesgar et al. have investigated the effect of
chlorine on Au island ripening by means of KMC approach [59]. In order to consider a
large number of diffusion scenarios, Mesgar et al. have trained a ReaxFF AuCl-forcefield
by considering DFT diffusion energy barriers of AuadCl complex on the clean Au substrate
[59, 60]. These investigations focused in the dissociation of a AuadCl complex from stepped
surfaces and the diffusion of AuadCl complex disregarding the effect of the Cl adlayer and
its coverage. Therefore, important questions remain in the Cl-Au(001) system during Au
deposition which some were assessed within work: What is known about the adsorption
positions of metal adatoms on Cl covered surfaces? Which diffusion mechanism do Au
adatoms follow on Cl covered terraces? How does the Cl adlayer influence step-edge barrier
of metal adatoms? How does nucleation of metal adatoms proceed on Cl covered metal
surfaces?
Overview
The aim of this work is to investigate nucleation and growth for Au(001) homoepitaxial
electrodeposition in Cl containing electrolytes from first principles calculations. Due to the
extensive scope of this topic the attention is focused on the diffusion mechanism of Auad
and initial steps on Au island nucleation on Cl covered unreconstructed Au(001) terraces.




Figure 1.1.: Periodic repeated atomic configurations for (a) Au adatom, (b) Au ad-dimer on
the 2 (2 × 2)-Cl Au(001) surface.
a large number of possible adsorption configurations. Therefore, extensive DFT calculations
have been carried out to identify the local binding topology of Au adatom and small clusters
with the Cl adlayer.
The organization of this thesis is as follows:
• In Chapter 2, a theoretical background of density functional theory is presented,
as well as the relevant concepts regarding the metal-solution interface and growth
kinetics with atomic surface processes.
• In Chapter 3, the equilibrium Cl coverage and adsorption structures on the unrecon-
structed Au(001) surface are identified as a function of Cl chemical potential. Thus,
ranges of Cl chemical potential, in which Cl adlayer structure are stable, are estab-
lished. Particularly, the stability range corresponding to Cl coverage of 1/2 is regarded
as a reference. Further halides (Br, I) adlayer structures on the unreconstructed Au(001)
surface are discussed.
• In Chapter 4, the diffusion mechanisms of a Au adatom on Cl covered unreconstructed
Au(001) surfaces attributed to the experimentally observed step-flow growth mode
are investigated with Cl coverage of 1/2, and in the presence of a Cl vacancy and
an additional Cl atom. To pursue this goal, a detailed analysis of the structure and
chemical bonding of a Au adatom on Cl covered Au(001) surfaces has been carried
out. A comparison between adsorption of Au at high coverages and Au–Cl complexes
on the clean Au(001) surface is presented.
• In Chapter 5, the results regarding initial steps toward Au island nucleation are
presented. The equilibrium structures as well as binding energies of Au dimer on the
2 (2×2)-Cl covered Au(001) surface are presented as a function of Cl chemical potential.
Several local Cl coverages have been considered in the calculations. Furthermore,
qualitative characteristics of small Au cluster adsorbed on the 2 (2 × 2)-Cl covered
Au(001) surface are discussed.
6
• Finally, in Chapter 6, the results and perspectives obtained from this work are sum-
marized.





In the last decades first principle methods in conjunction with the advancement of computer
power have provided rapid and reliable results for a wide range of issues in material science
e.g. microelectronics, energy storage or prediction of new functional materials. First prin-
ciple methods pursue to solve the Schrödingers equation, which governs the behavior of
the electrons in a system. Density Functional Theory (DFT) solves efficiently this problem
with a simple description of the quantum effects of exchange and correlation, and provides
information of the ground state electronic structure of a system for a relatively low compu-
tational cost compared to other techniques such as Quantum Monte Carlo. Therefore, DFT
has become a remarkably successful tool in a wide range of disciplines.
This section summarizes briefly the theoretical framework which the calculations of the
present work are based on, and the relevant concepts regarding the metal-solution interface
and growth kinetics with atomic surface processes.
2.1. Density Functional Theory
The total energy of a many-body system is given by the eigenvalue of the corresponding
Hamiltonian, using the many-body wave function of the electronic ground state. The
calculation of such eigenvalue for solid or surfaces is intractable by means of the wave-
function approach. To overcome this drawback Hohenberg, Kohn and Sham developed a
theory called Density Functional Theory (DFT), which allows to determine the ground state
of a system of many interacting particles by using the electron density as a basic variable in
place of the many-body wave function. In 1964, Hohenberg and Kohn derived two theorems
for a non-degenerate ground state [61], which constitute the fundamental basis of DFT.
Later on both theorems have been generalized for degenerate ground states, spin densities
and time dependence. More detailed information is to be found in Ref. [62] and references
therein.
2.1.1. Hohenberg-Kohn Theorems
Considering a system of interacting particles in an external potential Vext(r), including

















|r8 − r 9 |
. (2.1)
In case of atoms, molecules and solids the external potential is caused by the nuclei. The
last term of Eq. (2.1) denotes the electron-electron interaction.
The first theorem of Hohenberg and Kohn states:
Hohenberg-KohnTheorem I: For any system of interacting particles, the external poten-
tial Vext(r), and hence the total energy, is (to within a constant) a unique functional of the
ground state electron density =0(r).[62]
With this theorem Hohenberg and Kohn establish a one-to-one mapping of the external
potential to the ground state density, to within an additive constant. Since all internal
energies, kinetic energy and electron-electron interaction potential, are uniquely determined
if the electron density =(r) is specified, one can define the Hohenberg-Kohn functional HK:
HK ≡ ) [=] + int [=] . (2.2)
HK is a unique functional of the electron density for non-degenerate and degenerate ground
states [63].
The second theorem of Hohenberg and Kohn reads as follows:
Hohenberg-KohnTheorem II: If =0(r) is the ground state density that correspond to Vext,
every density =(r) in the Vext [=] (V-representable) follows:
0 =  Vext [=0] ≤  Vext [=] . (2.3)
In other words, the ground state energy can be obtained without the explicit knowledge of
the many-electron wave function, but from the minimization of an energy functional which
depends on the electron density alone.
2.1.2. Kohn-Sham Equations
In 1965 Kohn and Sham presented a self-consistent scheme based on the Hohenberg-Kohn
theorems to provide the ground state density of an interacting system [64]. Their approach
basically consists in replacing the interacting many-body system with an auxiliary non-
interacting system in an effective potential with the same electron density as the real system.
The total energy functional of the interacting many-body system can be written as follows:
 ( [=] = ) ( [=] +
∫
3rVext(r)=(r) + Hartree [=] + G2 [=] . (2.4)
Here ) ( [=] is the kinetic energy of the non-interacting system and Vext is the external








|r − r ′ | . (2.5)
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All many-body particle effects of exchange and correlation as well as kinetic energy are
represented by G2 [=], the so-called exchange-correlation energy functional. The G2 [=]
is not known exactly, and needs to be approximated. In terms of the Hohenberg-Kohn
functional  ( the G2 [=] can be written as :
G2 [=] =  ( [=] − () ( [=] + Hartree [=]). (2.6)











X=(r) + Vext(r) + VHartree(r) + VG2 (r),
=
X) (
X=(r) + V ( (r) = `, (2.7)
where ` is the Lagrange multiplier associated with the requirement of constant number
of particles, and corresponds to the chemical potential. V ( (r) is the effective one-body
potential. Equation 2.7 leads to the one-body Kohn-Sham Schrödinger-like equations:
 ( k8 = −
1
2
∇2k8 + V ( (r)k8 = n8k8 , (2.8)





58 |k8 (r) |2 (2.9)
The functions k8 are the Kohn-Sham orbitals, and the occupation numbers 58 which are
the Fermi-Dirac function. Considering the degeneracy of spin up and spin down fermions,
58 varies between 0 and 2. The Kohn-Sham equations have to be self-consistently solved
together with V ( (r) and =(r).
Although the exact exchange-correlation energy-functional is not known, the success of
DFT is attributed to the approximated models along with the Kohn-Sham equations which
have rendered accurate results for different materials.
2.1.3. Approximate Exchange-Correlation Energy Functionals
In principle if the exchange-correlation energy-functional G2 [=] were known, the exact
ground state electron density and energy of the many-body system could be found by
solving the Kohn-Sham equations. As it is not the case, approximations of the G2 [=] are
unavoidable, these approximations will determine the accuracy of the calculation.
A large and ever-growing number of approximate functionals with different levels of
complexity have been proposed in the last decades, an overview of the pool of existing
functionals up-to-date can be found in references [65–67]. The hierarchy of energy function-
als is represented by Perdew and Schmidt’s “Jacob’s Ladder” of xc-functionals [68], which
connects the Hartree world of non-interacting particles to heaven of chemical accuracy.
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Along this ladder, additional terms constructed by the density or the Kohn-Sham orbitals
are introduced into the electron density to overcome several deficiencies e.g. description
of long-range dispersion interactions or highly correlated electron systems. The search for
more robust energy-functionals is a highly active field, which nowadays combined with
statistical techniques such as machine learning [69, 70] gives new perspectives to the field.
Local and Semi-Local Functionals
• Local-Density Approximation (LDA)
LDA occupies the lowest rung of the “Jacob’s Ladder” and it is based on the exchange-
correlation per particle of the homogeneous electron gas Yℎ><G2 . The total exchange-
correlation energy of the system can be written as:
LDAxc =
∫
3r =(r) Yℎ><G2 (=(r)) (2.10)
The term Yℎ><G2 (=(r)) can be partitioned into exchange and correlation energies of
the homogeneous gas, Yℎ><x + Yℎ><c . The exchange energy is given by the analytic
form Yℎ><x = − 34 (
3
c
)1/3=(r)1/3, this result was derived by Dirac [71] for the Thomas-
Fermi-Dirac model. For the correlation energy Yℎ><c there is not explicit expression
known. However, it has been accurately calculated by means of quantum Monte Carlo
simulations by Ceperly and Alder [72], and parameterized by Perdew and Zunger
[73]. The main idea of LDA is to consider an inhomogeneous system as a set of many
small systems with a locally constant density.
Despite of being based on the homogeneous electron gas, LDA proved to give accurate
results for solid-state materials e.g. bulk lattice constants within 3% error with respect
to experimental values [74, 75]. However, one limitation of LDA is an overbinding
tendency. This has been observed in molecular system e.g. rare-gas dimers [76],
transition metal complexes [77], as well as, in solid systems. For example, the cohesive
energies for Cu and Ge are overestimated by about 23% [74, 78]. In case of chemical
reactions LDA underestimates activation energy barriers of biomolecular reactions by
0.4 – 0.9 eV [77]. But LDA reproduces experimental diffusion barriers for the system
Ag on Pt(111) with very high accuracy [79]
• Generalized Gradient Approximation (GGA)
To improve the systematic errors from LDA, the gradient of the density ∇= was
included to account for the non-homogeneity of the electron density. Therefore,
GGAs are often called semi-local functionals. With the dependency on ∇= several
improvements on the quality of DFT calculations for atoms, molecules, bulk solids,




3r =(r) YG2 (=, |∇= |) (2.11)
There are several different types of GGAs in the literature, but it is possible to distin-
guish two main lines. The first one was initially proposed by Becke [80], and is based
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on numerical fitting procedures involving large molecular training sets. This type of
functionals have provided accurate results for mostly molecular systems [81, 82]. The
second group is anchored in more fundamental arguments of quantum mechanics
such as the fulfillment of the exact relations on the exchange and correlation hole.
Among these functionals, the functionals proposed by Perdew and Wang (PW91) [83]
and Perdew, Burke and Enzerhof (PBE) [84] are widely used. For all calculations in
this work the PBE-GGA functional has been used.
GGA functionals overcome the issue of overbinding. In case of molecular systems
several studies of transition metal complexes [85–87] have shown that the results with
GGA functionals (BP86,PBE) yield for bondlengths within 0.01 Å from experimental
data. A detailed assessment of bulk properties (lattice constants and cohesive energies)
for alkali, alkaline-earth and transition metals by Schimka et al. [88] have shown that
for lattice constants PBE-GGA render accurate results for 3d elements. They observed
that for 4d or 5d elements the lattice constant is systematically overestimated. In
case of cohesive energies PBE-GGA performs remarkably good, errors with respect to
experimental data are always close to zero and hardly ever exceed 0.5 eV e.g. for Au
the absolute error amounts to 0.78 eV. A detailed study of surface properties such as
surface energies, work functions and interlayer surface relaxations for a large set of
metals and (111), (110) and (001) surface planes have been performed by Patra et al.
[89]. They have found that PBE-GGA tends to underestimate both surface energies
(of about 24%) and work functions (in case of Au(001) surface the uncertainty is about
3%, see Table 3 in Ref. [89]). On the other side, GGA fails describing van der Waals
bonds. For long range dispersion forces, GGA binding energies are found to be very
small or even nonexistent [90].
2.1.4. Van der Waals Interaction
The van der Waals (vdW) interactions between atoms and molecules play an important
role in various systems such as surfaces, soft matter and biomolecules e.g. the double-helix
stability in DNA [91]. vdW interactions are long-range interactions, that are quantum
mechanical in origin and arise from induced dipoles [92]. The vdW interaction is non-local,
inter-particular separations can exceed 10 nm e.g bilayer graphene [93]. Therefore, local and
semi-local functionals are not able to describe dispersion interactions. Different approaches
have been proposed for studies of vdW system, see Refs. [91, 94] and references therein.
Three main types of approaches can be identified: (i) explicit density functionals, (ii) DFT
extended with atom-pair potentials e.g. DFT-D2, D3 by Grimme et al. [95, 96] and DFT-TS
by Tkatchenko and Scheffler [97], and (iii) perturbation theory, typically in the random-






d3A d3A ′=(r)Φ(r, r′)=(r′), (2.12)
where Φ is a so-called non-local kernel that describes the non-local correlation. The non-
local correlation energy functional nlc is only one part of the xc-energy functional. There
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are also the local correlation and the semilocal exchange.
The first universal non-local functional (the so-called vdW-DF) was proposed by Dion et
al. in their seminal paper [98]. In their approach, the correlation energy, c [=], was divided
into two parts, 0,nlc [=] + nlc [=]. The first term accounts for the short range contribution of
the correlation energy in LDA. The second term is a full potential approximation, which is
exact (A−6 dependence) at large separations between any two molecules. This formalism has
been applied for a wide variety of systems from bulk to molecules physisorbed on infinite
surfaces e.g. naphthalene on graphite [99]. Following [98] the vdW-DF is evaluated as
post-processing perturbation, which uses the prior calculated charge density. Thonhauser et
al. derived the exchange correlation potential for the vdW-DF, which allowed to perform
a fully self-consistent calculation using vdW and calculate the Hellmann-Feynman forces
[100]. A direct evaluation of the non-local contribution to the exchange-correlation energy
is computationally very demanding as it requires to solve the six dimensional spatial integral,
Eq. (2.12), and the computation of the non-local potential Enlc (r) [100] that involves a three
dimensional integral for each point r. To overcome this issue Román-Pérez and Soler
rewrote the kernel Φ and implemented a method based on fast Fourier transforms [101].
The application of this method results in similar computation times as for GGA functionals.
Various modifications of vdW-DF have been proposed i.e. vdW-DF2 by Lee et al. [102] and
the opt functionals (optPBE-vdW, optB88-vdW, and optB86b-vdW) where the exchange
functionals were optimized for the correlation part [103]. Ambrosetti et al. investigated
the role of long-range correlation in the cohesive properties of Au, Ag, and Cu bulk noble
metals by applying different vdW-corrected density functional theory methods [104]. They
found out that the vdW-corrected DFT methods, based on genuine nonlocal functionals,
overestimate the lattice constants and underestimate the cohesive energy and the bulk
modulus [104]. Similar results were also obtained by Park et al. [105]. Furthermore, Patra et
al. [89] observed a variation of about 0.2 eV for the work function of the unreconstructed
Au(001) surface between PBE (5.07 eV) and SCAN+rVV10 (5.28 eV). The SCAN+rVV10
includes realistic intermediate- and long-range vdW interactions.
2.2. Computational Approach
2.2.1. Periodic Supercell with a Plane Wave Basis Set
One method to practically solve the Kohn-Sham equations consists in expanding the KS
orbitalsk8,k in term of a set of functions. Many types of functions can be used as basis set
[62]. But their performance depends on the physics of the problem of discussion, and the
computational cost for an accurate description of the density functional. For these reasons
plane waves have been used in all calculations in this thesis.
According to Bloch’s theorem the wave function in a periodic system can be written as
the product of the wave part and the D8,k, which has the periodicity of the crystal. Here
the index k represents the wave vector within any primitive cell of the periodic lattice in
reciprocal space, at each k there are a discrete number of bands 8 .







where #cell number of primitive cells. The expansion of the functions D8,k by a plane wave







28,< (k)4 iG< ·r, (2.14)
where G< is a vector of the reciprocal space and Ωcell is the volume of a primitive cell.
In a crystal the effective potential V ( is periodic and can be expressed as Fourier series.
V ( (r) =
∑
<
E ( (G<)4 iG< ·r. (2.15)








28,< (k)4 i (k+G<) ·r, (2.16)
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5 (Y8,k)=8,k('=r + t=), (2.18)
where '= are the symmetry operations of the crystal (or surface), and 5 (Y8,k) denotes the
occupation function e.g. Fermi-Dirac. In metallic systems at zero temperature occupations
drop from 1 (or 2 for spin unpolarized) to zero as the eigenvalues become larger than the
fermi energy, therefore a smeared occupancy distribution must be used. In this work all
calculations have been carried out with Methfessel-Paxton smearing [106]. Furthermore, the
sum over the Brillouin zone (BZ) can be reduced by meanings of symmetry operations to the
sum over the :-points in the irreducible Brillouin zone (IBZ), such points are weighted byFk
in Eq. (2.18). In case of metals the bands are partially filled, thus dense meshes of :-points
are necessary to sample the Fermi surface. There are several methods to choose special
finite sets of :-points in the IBZ, along this work the method proposed by Monkhorst-Pack
[107] has been used.
As the basis is orthonormal, the Kohn-Sham equations can be written as a matrix equation
1
2
|k + G< |228,< (k) +
∑
<′
E ( (G< − G<′)28,<′ (k) = Y8,k28,< (k) . (2.19)
To truncate the number of reciprocal vector G′< , a particular cut-off energy cut−o is chosen
in form of the maximal kinetic energy of the plane waves
1
2
|k + Gmax |2 ≤ cut−o (2.20)
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Convergence tests are necessary to find an adequate value of cut−o that compute the
physical properties of the system with the required accuracy. Besides the single control
parameter cut−o , employing plane wave basis sets provides several advantages e.g indepen-
dence of atom positions and species (unbiased), direct application of the Hellmann-Feynman
theorem [108, 109] for forces on atoms (no Pulay forces [110]), and efficient FFT algorithms
to transform between r–space and G–space representations. On the other hand, a disad-
vantage of this basis is that very large cut-off energies are required to obtain an adequate
description of the potential and wave function close to the nucleus. A solution to this issue
is the pseudopotential aproximation, which replaces core electrons and the strong Coulomb
potential by a weaker pseudopotential that acts on a set of pseudo wavefunctions or the
so-called frozen core approximation, this will be briefly discussed in Sec. 2.2.2.
In practice, the use of plane waves as a basis set is suitable for systems with three
dimensional translation symmetry. In case of a surface, only two dimensional periodicity
are presented. To simulate a surface, we use a periodically repeated supercell. A supercell is
formed by two parts: a slab, which contains a finite number of parallel atomic layers, and
a vacuum region, which eliminate the unwanted interactions between the periodic slabs.
Additionally, the slabs may have an asymmetric or symmetric configuration with respect
to the XY plane, which are defined by the adsorption of atoms or molecules in one or both
sides of the slab. When using an asymmetric slab, a dipole correction [111, 112] should be
applied with regard to the different work functions of the top and the bottom of the slab. A
schematic representation of a supercell is depicted in Fig. 2.1.
Figure 2.1.: Schematic representation of a periodically repeated supercell, in which the





In a calculation, the wavefunctions of the core electrons and the rapid oscillations of the
wavefunction of the valence electrons close to the nucleus would require very large plane
wave basis sets i.e. they are computational demanding. However, the valence electrons are
mostly responsible for the chemical bonding. Therefore, a way to tackle this problem is
to replace the strong Coulomb potential of the nucleus and the chemical inert frozen core
electrons by an effective potential, which will eliminate the rapid oscillations of the valence
electrons wavefunctions in the core region. This can be done via pseudopotentials (PP).
Pseudopotentials must fulfill a list of requirements to be a “good” such as to correctly
describe the scattering properties of the atom, to be transferable i.e. to give reliable results in
different chemical environments. Furthermore, their corresponding pseudo wavefunctions
should be smooth and soft within a core region 'c and ideally agree with the all-electron
wave function outside the core region.
The most well-known DFT-based PPs are norm-conserving (NCPP) [113], ultrasoft [114]
and projector augmented wave (PAW) [115] pseudopotentials. Along this work all atoms
were represented by ultrasoft pseudopotentials [114] from the open-source GBRV library
[116].
Ultrasoft Pseudopotentials
In 1990, Vanderbilt proposed soft self-consistent (ultrasoft) pseudopotentials [114], within
his approach the norm conserving property and the condition that the integrated charge
inside the core region must be the same as in the all-electron wave function are not anymore
enforced. Thus, it becomes possible to choose 'c larger than for a norm-conserving PP,
and reduce significantly the plane wave cut-off energy. For this charge deficit localized
atom-centered augmentation charges are introduced, which are defined as the difference of
densities between the all-electron wave function and the pseudo electron wave function. Due
to the augmentation charges, the pseudo wavefunction are the solutions of the generalized
eigenvalue problem
[̂ − Y8(̂ ] k̃8 = 0, (2.21)
where (̂ is an overlap operator, which enforce the orthonormality of the pseudo wave
functions k̃8
〈k̃ 9 |(̂ |k̃8〉 = X8, 9 . (2.22)
Ultrasoft pseudopotentials are especially used for 3d transition-metals due to the low
computational cost and its accuracy.
2.2.3. The QUANTUM ESPRESSO Software Distribution
All DFT calculations in this work have been carried through with the QUANTUM ESPRESSO
(opEn Source Package for Research in Electronic Structure, Simulation, and Optimization)
software distribution [117–120], which is released under the GNU General Public License
[121]. The open-source software distribution performs electronic structure calculations
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based on DFT or many-body perturbation theory using plane wave basis sets and pseudopo-
tentials. QUANTUM ESPRESSO is based on two core packages, PWscf and CP performing
self-consistent and molecular-dynamics calculations, and on additional packages for more
advanced calculations as well as on post-processing (PP) tools. For a full list of packages see
Ref. [117, 118, 120]. In this work DFT calculations have been performed using the PWscf
package (v.5.4.0), and using PP package to extract selected quantities e.g. charge densities.
PWscf performs many different kinds of self-consistent (scf) calculations of electronic
structure properties within the DFT framework. Detailed reviews of the algorithms im-
plemented in PWscf have been published in Ref. [117]. Here, the basic idea behind the
employed self-consistency cycle involved in a ground state calculation for a given external
potential (atomic coordinates) is summarized. Each iteration begins with a trial charge
density d (in) and trial Kohn-Sham wave functions. These input quantities are either obtained
from a previous iteration or they are an initial guess. The latter is usually built from a
superposition of atomic charges, constructed from pseudopotential data. After the effective
potential has been calculated from d (in) , the Kohn-Sham wave functions and eigenvalues
can be found via an iterative procedure. In PWscf a block Davidson algorithm and an
alternative algorithm based on band-by-band minimization using conjugate gradient are
implemented [117]. Mixing algorithms find the optimal linear combination of a few d (in)
from previous iterations, that minimizes the scf norm defined by ‖d (out) − d (in) ‖ [117]. This
dictates how the charge density is changed from step to step towards self-consistency, which
is achieved when the energy changes are below a given threshold. Once a self-consistent
solution is reached for a given atomic geometry, the Hellmann-Feynman forces on the atoms
can be calculated.
In summary, PWscf can be applied:
(i) to calculate the ground-state energy and one-electron (Kohn-Sham) orbitals, atomic
forces, stresses;
(ii) to perform structural optimization and molecular dynamics on the Born-Oppenheimer
surface, also with variable cell;
(iii) to calculate minimum energy paths (MEPs), activation energies, and transition states
uses the nudged elastic band (NEB) method;
(iv) to calculate the free energy surface at fixed cell through metadynamics, if patched
with PLUMED [122];
(v) to calculate solvation energies through continuum models, if patched with Environ
[123].
A detailed description of the main computational parameters and a summary of convergence





Surface diffusion of adsorbed species (e.g. atoms, molecules, vacancies, small clusters)
plays a determinant role in many processes under UHV conditions or at electrochemical
interfaces, which have significant technological applications. For example, diffusion of
adatoms influences the nucleation and growth processes in electrochemical deposition
e.g. Damascene electroplating [1]. Furthermore, it also affects the dynamics behavior in
adsorbate layers e.g. 2D ordered adlayers as well as in electrocatalytic processes, where
diffusion over steps occurs.
2.3.1. Transition State Theory
When atoms coming from the gas phase or ions from the electrolyte are adsorbed on the
surface, new electronic states are formed due to the bonding to the surface. Specifically,
the binding energy changes with the lateral position due to the substrate lattice. To ex-
emplify this, let us denote the degrees of freedom of an adatom and a surface by Rad and
Rsurf respectively. The total energy of the electronic ground state of the adatom-surface
+ (Rad,Rsurf), to simplify + (R), is known as the potential energy surface (PES). If the sub-
strate consist of N atoms Rsurf = ('8)8=1...3# and the atomic coordinates of the adsorbate are
Rad = (G, H, I), then the PES is a 3# + 3 dimensional function. The global minima of + (R)
are called adsorption configurations. The position of the adatom on the surface is named
“adsorption site”. The diffusion of an adatom from an adsorption site to another involves a
transition state, which is energetically less favorable. The minimum energy scale between
two adsorption sites is the activation energy barrier act, which is the energy difference
between the transition state and the global minima.
Thermally activated diffusion processes can be classified in two types, if the activation
energy barrier is much larger than the thermal energy, :B)  act, an adatom hops randomly
from one adsorption site to another. Along this motion, adatoms remain vibrating in an
potential well associated to a certain adsorption site until they accumulate the sufficient
energy to overcome the act. Therefore, the jumps are considered independent from each
other i.e. Markov process. In the other case of :B) ≥ act, the diffusion of adatoms is
described as a 2D Brownian motion. There is no confinement of the adatoms to adsorption
sites, hence they move freely on the surface. Most of the experiments of our interest have
been performed in the regime of :B)  act. Theoretical studies have suggested that for
diffusion via hopping activation energy barriers hold 5:B)room (0.13 eV) ≤ act.
A simple theoretical framework for surface diffusion regards the migration of an adatom
as a two dimensional random walk on the lattice adsorption sites. Considering the diffu-
sion of an adatom by nearest-neighbor hops on a (001) substrate lattice, the mean square
displacement grows linearly with the time according to [124]
〈(r(C) − r(0))2〉 = 〈(Δr)2〉 = 〈(Δx)2〉 + 〈(Δy)2〉 = 4 C = 4 Γ 02 C, (2.23)
where  denotes the surface diffusion coefficient, Γ is the hopping rate, and 0 is the nearest-
neighbor distance in the (001) substrate. This expression does not hold for other crystal
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planes, the extension is straight forward. In the zero coverage limit the diffusion coefficient
coincides with the collective diffusion coefficient ̃ , which is defined through Fick’s laws.
Figure 2.2.: Cut through a 3N + 3 dimensional PES with coordinate labels (G, H, I,Rsurf). Two
minima are denoted by A and B, the transition state for the hopping diffusion
from A to B is labeled by TS. The red dashed line represents the hyper-plane %TS
for G = B .
The derivation of an expression for the hopping rate Γ has been an active research area
since Arrhenius published his well-known empirical relation for temperature dependence
of reaction rates [125]. Several methods [126–129] for calculating Γ have been developed
along the years with different levels of complexity, the most widespread (and simplest)
approach is Transition State Theory (TST). Within TST quantum effects such as tunneling
are neglected, this assumption does not hold when temperature becomes low enough [28].
For example, considering the PES+ (R) which corresponds to an adsorbate on a surface, see
Fig. 2.2.  and  are two minima points of the PES. The highest point along the minimum
energy path from the point  (initial configuration) to the next stable (or meta-stable) point
 (final configuration) is the saddle point )( . The activation energy barrier of this path
amounts to act = + (R)( ) −+ (R). To separate the regions around  and  it is defined a
3# + 2 dimensional hyper-plane, denoted by %)( , which passes through the point )( and
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is orthogonal to all constant + hyper-surface everywhere else [126]. The hyper-plane %)(
is given by the condition G = B in Fig. 2.2. Under the assumption that )( is a point of no
return, every configuration on %)( with a positive velocity component perpendicular to %)(
lead to the diffusion from  to . As TST is a statistical mechanical theory, the hopping rate
is determined by ensemble averages [126, 128, 130]:
Γ→)() =
< EG Θ(EG ) X (G − B) >
< Θ(B − G) > , (2.24)
where EG is the velocity along the diffusion direction, in this case G axis. Θ is the Heaviside
function. The ensemble averages are calculated over the canonical probability density
/−1 exp(−H/:B) ), H denotes the Hamiltonian of the system. Let / and /)( be the
canonical partition function of the system, respectively for the initial and the transition










exp (−Δ/:B) ), Δ =  (R)( ) −  (R) . (2.26)
The canonical expression for the Helmholtz free energy,  = −:B) ln/ , has been used.
Within the harmonic approximation the potential may be expanded near the point  by a
Taylor series to second order, similarly for the point)( within the constraining hyper-plane
%)( . Consequently, the expression for the hopping rate Γ→)() and the free energy difference



























where act is the activation energy barrier, this quantity is accessible through DFT calcu-
lations. Δ=(a) is the difference between the vibrational densities at the points )( and ,
which can be computed by the dynamical matrix. As the PES is expected to be convex
upward at )( , one of the eigenvalues a2
)()
is negative. For the vibration density, this value
is not taken into account, which leads to∫ ∞
0
Δ=(a) 3a = −1 (2.30)
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In the classical limit, where ℎamax
:B)









= a0 exp(−act/:B) ) . (2.32)
Γ)() reduces to an Arrhenius expression with a pre-exponential factor of a0, which is also re-
ferred as attempt frequency. Generally, a0 is considered to be between 1012–1013 B−1, which is
a typically phonon frequency. By means of DFT the pre-exponential factor a0 and the activa-
tion energy barrier act (see Sec. 2.3.2) can be calculated. In the low temperature limit the acti-











for temperatures lower than the critical temperature quantum effects should be accounted
[131]. In case of a0, they are evaluated by the density matrix at the initial configuration
and transition state [79, 132]. For some systems [79, 132] it has been demonstrated that a0
follows the Meyer-Neldel compensation rule [133], a0 is correlated to the corresponding
activation energy barrier. Beyond harmonic TST, it is known that the hopping rate Γ)() is
an upper bound to the true hopping rate [127, 128]. As an example Sharia and Henkelman
[134] have shown that harmonic TST can overestimate the true rate by as much as 50% for
an adatom diffusion on Al(100) surface.
2.3.2. The Nudged Elastic-Band Method
To obtain activation energy barriers and to calculate hopping rates using TST, it is necessary
to locate the transition state (TS) on a configuration space path between the minima in the
PES. Along theway, local minima (intermediate states) may occur. The path of least resistance
is the so-called minimum energy path (MEP). Several algorithms on TS optimization have
been proposed. Generally, they can be divided into two groups: single-ended and double-
ended saddle point search methods [135].
The single-ended algorithms start from an initial configuration on the PES, which is in
most cases a minimum. Two methodologies can be used, uphill approach or molecular
dynamics (MD). The uphill approach determines the direction where the potential is a
local maximum, and minimizes the potential in the space perpendicular to that direction.
Within this approach the lowest curvature mode, which is calculated by diagonalizing the
Hessian matrix, is chosen as the maximization direction. The need for the Hessian matrix
at each step can become computationally expensive, specially for large systems. Further
methodologies e.g. dimer [136] or Lanczos [137] methods do not calculate the full Hessian
matrix, only the lowest non zero eingenvalue and the corresponding eigenvector. Molecular
dynamics simulations (using force fields or ab-intio) can predict and quantify rare events e.g.
diffusion of a cluster on a surface. But simulating rare events is often prohibitive. Typically
energy barriers of several :B)room need to be overcome, thus the transition state region
will be visited only a few times (if it does) in such simulations due to the computational
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limitations or slow kinetics. To tackle this issue, a wide variety of algorithms have been
developed to accelerate these long time scales processes. Most of these approaches require
an appropriate choice (some prior knowledge of the reaction) of collective variables to bias
the free energy surface. Examples of algorithms in this class are umbrella sampling [138,
139], blue moon [140, 141] and metadynamics [142] (see Sec. 2.3.3). Current research is
focused on methodologies for cases with lack of prior knowledge [143, 144].
A second class of transition state search methods is the doubled-ended approach. These
methods find the transition state configuration between specified initial and final configu-
rations, and with it, the activation energy barrier. The most widely applied method is the
Nudged elastic band (NEB) [145–147], which uses a string of images (or replicas) to describe
the diffusion pathway. Adjacent images are connected by a harmonic spring interaction,
altogether mimics an elastic band. The minimization of the forces acting on the images
leads to the MEP. The key feature of the NEB method is that only the projections of the
spring and true forces (from the PES) are taken into account for the minimization, thus the
convergence of the NEB to the MEP is ensured. The initial set-up for the string of images
has been typically constructed by a linear interpolation (LI) between the given initial and
final configurations. In some cases LI yields images with small interatomic distances. This
can be avoided by using an interpolation of pairwise distances at each image along the path,
this approach is known as image dependent pair potential (IDPP) method [148].
In an elastic band with # + 1 images, let R8 be the atomic coordinates of 8-th image and :
be a spring constant. R0 and R# correspond to the (fixed) initial and final configuration,
respectively. To form an elastic band, artificial harmonic spring forces between the images
are introduced. The total force acting on an intermediate image is the sum of the spring and
true forces
F8 = − ∇+ (R8) + Fspring,8 (2.33)
= − ∇+ (R8) − : (R8 − R8+1) + : (R8−1 − R8). (2.34)
Employing the plain elastic band force F8 can deliver some deviations in the region close
to the transition state [147]. For example, the component of the spring force which is
perpendicular to the path can lead to corner-cutting i.e. the band can not follow a curved
MEP and the activation energy is overestimated, or intermediate states tend to slide away
from the saddle point region due to ∇+ along the path. To tackle these issues, in the NEB
method the force in the image 8-th becomes
FNEB8 = −∇+ (R8) +
(







where 3̂8 is the normalized tangent vector in the image 8-th. The definition of 38 plays a
crucial role to determine the MEP. Originally, the tangent vector 38 was derived from the
bisection of two unit vectors adjacent to the 8-th image
3̂8 = 38/| |38 | | , 38 =
R8 − R8−1
|R8 − R8−1 |
+ R8+1 − R8|R8+1 − R8 |
8 ∈ {1 . . . # − 1}. (2.36)
However, following Eq. (2.36) calculations for some systems yield to not converged results
and kinks along the diffusion path. To overcome this issue, a new tangent 38 has been
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proposed by Henkelman and Jónsson
3̂8 = 38/| |38 | | , 38 =
{
3+8 = R8+1 − R8 if + (R8+1) > + (R8) > + (R8−1)
3−8 = R8 − R8−1 if + (R8+1) < + (R8) < + (R8−1).
(2.37)
If the energy of image 8-th is either a local minimum or a transition state, the tangent vector
is taken to be a weighted average of the adjacent vectors 3+8 and 3
−
8 . The switch between
the two adjacent vectors becomes smooth at extrema points along the MEP. The tangent
estimate is calculated as:




8 + 3−8 Δ+min8 if + (R8+1) > + (R8−1)
3+8 Δ+
min
8 + 3−8 Δ+max8 if + (R8+1) < + (R8−1),
(2.38)
where
Δ+max8 = max( |+ (R8) −+ (R8−1) | , |+ (R8) −+ (R8+1) | )
Δ+min8 = min( |+ (R8) −+ (R8−1) | , |+ (R8) −+ (R8+1) | ) .
With this improved way for calculating the tangent vector, which regard all possible cases
for + (R8), the elastic band converges smoothly to the MEP with a sufficient number of
images.
Furthermore, to ensure that all intermediate states of the elastic band are equally spaced
(if all spring constants are equal to :) the spring force Fspring,8 is calculated as [146]
Fspring,8 · 3̂8 = : ( | |R8+1 − R8 | | − | |R8 − R8−1 | |) (2.39)
This modification of the spring force achieves equally spaced intermediate states even in
regions with high curvature, with this the sampling of the intermediate images is improved.
Nevertheless, the resolution of the MEP close to the transition state is not sharp enough,
and leads to activation energy barriers with large uncertainties. A way of converging the
highest energy image to the saddle point is achieved by modifying the force at this point, the
so-called Climbing Image NEB (CI-NEB) [145]. Let 8max be the intermediate configuration
with the highest energy on the band, the CI-NEB force on this image is given by [145]
FCI−NEB8max = −∇+ (R8max) + 2
(
∇+ (R8max) · 3̂8max
)
3̂8max . (2.40)
In comparison to Eq. (2.35), the above equation does not contain the term corresponding to
the spring force. This term has been replaced by the inverse tangent component of the true
force, therefore the 8max state can ascend to the saddle point. In combination with CI-NEB
further improvements for 3̂8max can be achieved by setting variable spring constants [146].
Different modifications have been proposed to the NEB method [149–151] e.g. AutoNEB
[151] algorithm which reduces the number of force evaluations. Furthermore, Garrido
Torres et al. implemented an algorithm for NEB calculations using a surrogate machine
learning model [152], in which the cost of converging the elastic band no longer scales with
the number of moving images on the path.
In this work, the CI-NEB method was used to determine the activation energy barriers as
well as transition states and diffusion paths. For the creation of a set-up of images the IDPP





Metadynamics [142, 155, 156] is an enhanced sampling method, which explores the free
energy surface (FES) and accelerate the search of rare events. The method is based on a
dimensional reduction, the high dimensional configuration space is reduced by a projection
to a set of collective variables (CV) whichmust be identified previously. Within this approach,
the sampling is accelerated by a history-dependent bias potential constructed in the CV
space.
The collective variables are functions of the atomic coordinates of the system R, and the
dimensionality of the CV’s is reduced to 3 degrees of freedom.
s(R) = ((1(R), · · · , (3 (R)) .
Examples of CV’s used in molecular dynamics are geometry related, such as distance, angles
and dihedrals. The Helmholtz free energy as a function of these CV’s is defined as











B ′8 − (8 (R)
) )
+ (2.41)
where  is an arbitrary constant. At a time C an external bias potential + (( ('), C) is added
to the Hamiltonian of the system. The external potential + (( ('), C) is given by a sum of
Gaussian functions, which have been added at a given time interval gG
+G(s(R), C) =
∑















, /gG and f8 are the height and width, respectively, of the Gaussian function for the 8-th CV.
The addition of consecutively Gaussian functions to the Hamiltonian forces the system to
escape to another minimum state on the PES.
The basic assumption [155] of metadynamics is that at sufficiently long time +G provides
an estimate of the free energy
lim
C→∞
+G(s, C) = − (s) + (2.43)
The choice of CV’s is crucial for an adequate description of the rare events from one to
another local minimum states. CV’s should measure the progress of the transition between
two minima and at the same time provide an understanding of the dynamical progress,
altogether makes the choice of the CV’s non trivial.
In this work metadynamic AIMD simulations at finite temperature have been performed
with the aim to find further stable configurations of a Au adatom at Cl covered Au(001)
surfaces, particularly for Cl coverage equal to 1/2 and in the presence of a Cl vacancy. For
this reason calculations have been carried out with large Gaussian function, thus the FES
could be explored at fast pace. Calculations have been carried out using the PLUMED [122]
plugin in combination with PWscf [117] at a reduced cutoff energy of 25 Ry.
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2.3.4. Diffusion of Halide Atoms on Coinage (001)-Metal Surfaces
Anion adsorption on metal surfaces can modified the surface morphology and electronic
structure and chemical reactivity. Particularly, at solid-liquid interfaces co-adsorbed halides
are known to strongly affect interface processes in solution e.g. metal electrodeposition,
which have important technological applications [1]. Understanding halide diffusion on
metal surfaces is a prerequisite as the diffusivity is a decisive factor for, e.g. nucleation and
growth in electrochemical deposition processes. If the halide coverage on the surface is
high, adsorbate-adsorbate interactions can modify the adsorbate dynamic [48, 157, 158].
In this section, we will briefly discuss the results of previous studies on halide (Cl, Br, I)
diffusion. We focus on the unreconstructed (001) face of coinage metals (Cu, Ag and Au).
Results for low halide coverage are summarized in Tab. 2.1. For a broad overview, the reader
is referred to the review by Andryushechkin et. al [159] and the references therein.
The adsorption takes place on specific sites on the (001) surface. Halides occupy the
four-coordinated hollow site on Cu(001) and Ag(001) surfaces [48, 159–163]. But on Au(001)
surface the two-coordinated bridge site is preferred for Cl and Br [59, 60, 163]. At low
coverages DFT calculations for I have shown only marginal differences (below the accuracy)
between both sites on Au(001) substrate, in this case the preferable site is hollow. The
difference of adsorption sites on Cu(001), Ag(001) and Au(001) surfaces has been ascribed
to the balance between electronic and core-core contributions by Wang and Rikvold [163].
They have found that for Br/Au(001) the electronic energy difference between hollow and
bridge sites (elhollow − 
el
bridge) partially compensates the energy difference of the core-core
Coulomb interaction (cchollow − 
cc
bridge). As a result, the bridge configuration is lower in
total energy than the hollow configuration for Br/Au(001). Similar reasoning applies for
adsorption of Cl on Au(001) surface. The top site is the least favorable position for halides
on coinage (001)-metal surfaces. Table 2.1 lists the values of adsorption energy ads for each
system. For a given halide, it is found that ads follows the trend Cu < Ag < Au [164].
The diffusion of halides on metals occurs via hopping mechanism. For Cu(001) and Ag(001)
surfaces the transition state geometry of the halides resides above the bridge site, see Fig. 2.3.
By contrast, on Au(001) surface the transition state position is not a high-symmetry site
as shown in Fig. 2.3. Inspection of Table 2.1 shows that for Cu(001) and Ag(001) surfaces
the activation energy barrier act decreases in the order I > Br > Cl. The activation barriers
range from 0.06 eV (≈ 2.3:B) ) to 0.20 eV (≈ 7.7:B) ). This values are larger in comparison
to act on (111) face of Cu and Ag metals, which ranges between 0.06 ev (≈ 2.3:B) ) to 0.08
eV (≈ 3.1:B) ) [165–167]. For Au(001) act decreases in the (vice versa) order Cl > Br > I, and
varies from 0.01 eV (≈ 0.4:B) ) to 0.11 eV (≈ 4.3:B) ). Similarly values have been found on
Au(111) surface [166, 168]. It should be noted that for both faces (001) and (111) the trend for
act on Au surface is the opposite way to the trends on Cu and Ag surfaces. Regarding to the
dipole moments, from Tab. 2.1 it is observed that the dipole moment change is of the same
order for Cu(001) and Ag(001) surfaces. On Au(001) substrate the magnitude of Δ`I is about
10% – 20% of the values for Cu(001) or Ag(001) surfaces. By contrast, the corresponding
sign of Δ`I is positive on Au(001) substrate, with the exception of Cl/Au(001) at Θ = 1/4.
The positive sign of Δ`I for Cl/Au(001) and Br/Au(001) has been attributed to z coordinate
of the halide along the diffusion path. At the transition state the difference between the z
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coordinate of the adatom relative to its adsorption site ranges from -0.2 to -0.1 Å. At Θ = 1/4
ΔI for Cl amounts to -0.05 Å, this may be ascribed to the halide-halide interaction and its
chemical nature. An anomalous behavior of I on metal surfaces has been reported in the
literature [164, 169, 170]. For I/Au(001) the dipole moment at hollow site is positive, while
for Cl,Br/Au(001) the total dipole moment is negative. Furthermore, the dipole moment for




hollow site bridge site
Figure 2.3.: The four-fold coordinated hollow site and the two-fold coordinated bridge site
on a fcc(001) crystal surface. Schematic diffusion paths for a single halide on a
fcc(001) crystal surface: (a) hollow – hollow occurs via bridge site for a single
halide on Cu(001) and Ag(001) surfaces, (b) bridge – bridge diffusion for a single
halide on Au(001) surface.
Up to now, we have discussed the diffusion of halides on the metal-vacuum interface. At
electrochemical interfaces the adsorbates interact with the electric field in the double layer,
which is the electrified interface between the electrode and electrolyte [29, 30]. Following
thermodynamical arguments [47, 173], in a first-order approximation at constant electrode
potential (q) the change in the adsorbate’s dipole moment (Δ`I) during diffusion leads to an
electrostatic energy contribution for the activation energy barrier of [47, 173]
act(q) = 0act − Δ`I
f (q)
n0
, where f : charge density of defect-free surface. (2.44)
This energy contribution could be interpreted as the electrostatic interaction of a dipole
on an electric field EI = f/n0. However, within this approach f is a macroscopic charge
density on the electrode. In the potential range, where the double layer capacity (d) can be
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Table 2.1.: Adsorption energies and activation energy barriers for halide/metal systems. act
is the activation energy barrier. For halide/Cu(001), halide/Ag(001) and I/Au(001)
systems act is estimated from the total energy difference between a halide atom
at a bridge and hollow sites. For Cl/Au(001) and Br/Au(001) act is evaluated by
NEB method. Adsorption energies ads with reference to a spin-polarized atom at
hollow site (for halide/Cu(001), halide/Ag(001), I/Au(001) systems) and at bridge
site (for Cl/Au(001), Br/Au(001) systems). Dipole moment change Δ`I between
the transition state and the adsorption site.
Halide Surface Θ act / eV ads / eV Δ`I / eÅ Reference
Cl
Cu(001) 1/8 - -3.45 - [164]1/18 0.06 -3.51 (-3.55) -0.10 [48], [164]
Ag(001)
1/4 0.11 -3.29 - [161]
1/8 - -3.24 - [164]
1/16 0.11 -3.18 - [171]
1/18 0.11 -3.21 -0.13 [172]
Au(001)
1/4 0.13 (0.17a) -2.54 -0.01 (0.0a) This work
1/16 0.12 (0.16a) -2.64 0.02 (0.03a) This work
1/36a 0.11 -2.80 0.04 [59, 60]
Br
Cu(001) 1/8 - -3.17 - [164]1/18 0.13 -3.24 (-3.26[164]) -0.10 [48], [164]
Ag(001) 1/18 0.14 -2.97 -0.12 [172]
Au(001) 1/4 0.07 (0.08
a) -2.34 0.02 (0.03a) This work
1/16 0.07 (0.1a) -2.43 0.04 (0.05a) This work
I
Cu(001) 1/8 - -2.92 - [164]1/18 0.20 -2.99 -0.11 [172]
Ag(001) 1/4 0.18 -2.70 - [162]1/8 - -2.73 - [164]
1/18 0.17 -2.69 -0.14 [172]
Au(001) 1/4 0.02 -2.20 -0.06 This work
1/8 - -2.29 - [164]
1/16 0.01 -2.27 -0.09 This work
a: act and Δ`I are calculated between a halide at hollow and bridge sites.
considered a constant quantity, Eq. (2.44) can be written as
act(q) = 0act − Δ`I
d (q − qpzc)
n0
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Figure 2.4.: a: Energy differences as well as dipolemoment change for Cl/Au(001) atΘ = 1/16
between hollow –h– and bridge –b– sites as a function of an external homoge-
neous electric field, which is perpendicular to the surface. Red markers denote
fully relaxed calculations at a fixed EI , black markers denote electronically re-
laxed calculations with frozen atomic coordinates at EI =0.0 eV/Å. b: Variation of
energy along the diffusion path under homogeneous electric field for Cl/Au(001)
at Θ = 1/16.
From Eq. (2.45), the activation energy under electrochemical conditions depends linearly on
the electrode potential. STM studies of Sad tracer diffusion on Cl covered Cu(001) surface by
Tansel and Magnussen [45] have shown almost a perfectly linear dependency between the
act and the electrode potential. Additionally, numerous in situ STM studies of tracer surface
diffusion on halide covered metal electrodes in electrochemical environment have been
performed in the group of O. M. Magnussen [49], which have also shown a linear dependency
of act with respect to the electrode potential. In experimental studies of coarsening of Au
islands on Au(001) using electrochemical STM in chloride containing electrolytes as well
as sulfuric acid solution Pichardo-Pedrero et al. have found that the linear relationship
between the adatom formation energy from a kink site in the island edge plus the activation
energy barrier on the terrace and the electrode potential is only achieved for small potentials
[57]. To simulate the electrode/electrolyte by means of first principles is a very challenging
task. It requires to account the liquid nature and electronic structure of the electrolyte. The
presence of ions in the electrolyte, co-adsorbed water molecules and the charged interface
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pose additional difficulties to the atomistic simulations. Particularly, accounting the effects
of the local electric field by means of DFT has been reported in the literature [174–179]
which mostly requires high computational costs. To gain a first insight into the influence of
electric field on the PES for halide/metals, following [180] an external electric field has been
applied and results have been compared to Eq. (2.45). The system in discussion is Cl/Au(001)
with coverage Θ = 1/16, calculations include nonlinear effects of the external electric field
and atomic relaxation in the field. Energy difference between hollow and bridge site Δh−b
as a function of an external electric field is plotted in Fig. 2.4(a). The variation of energy
Δ along the diffusion path under homogeneous electric field EI = −0.5, 0.0, +0.5V/Å is
shown in Fig. 2.4(b). Energy difference Δh−b variates approximately 20% in the range of
electric field from -0.5 to +0.5 V/Å, and only 15% in case of act. Nonlinear effects on ` are
significant, but the influence on the PES is smaller than 0.01 eV. For this reason, the linear
approximation proposed by Giesen et al. [47] is sufficient to describe halide/metal systems.
In case of I/Au(001) depending on the electric field its PES is modified, e.g. at 0.5Å the bridge
site becomes the preferred due to its large dipole moment Δ`I =-0.09 eÅ. To this point,
the impact of the electric field at the interface has been estimated by varying the external
electric field in DFT calculations. Electric fields only slightly affects energy differences and
activation energy barriers, as pointed out by Karlberg et al. for oxygen reduction reactions
(ORR) [180]. It is known that water molecules have a strong polarization close to the metal
electrode [181, 182], but how they will affect the dipole moment of adsorbed halide on metal
surfaces, and hence its diffusion, is still an open question for further research.
2.4. Epitaxial Growth
2.4.1. Thermodynamic and Kinetic Growth Modes
Different surface morphologies are required for technological applications e.g. smooth
films in the production magnetic storage devices, rough films with well defined islands for
heterogeneous catalysis. To manipulate the morphology of epitaxially grown films, the
control of the growth mode is necessary. A classification of epitaxial growth modes based
on thermodynamic conditions was proposed by Bauer in 1958 [183], and it is applicable
to thin films close to equilibrium. Three growth modes can be distinguished according to
the balance of the surface energies of the substrate WS, deposit or film surface WD and the
interface of the film and substrate Wint as follows
ΔW = WD + Wint − WS. (2.46)
For the case ΔW > 0 the area covered by the deposit (atoms or molecules) is minimized i.e
the interaction between the atoms or molecules are more strongly bound to each other than
to the substrate. In this case three dimensional clusters are formed, growth mechanism
proceeds via Volmer-Weber growth (3D-island growth). On the other hand, if ΔW < 0 the
energy balance requires to maximize the area covered by the deposit i.e the interaction
between the deposit and substrate is stronger. At initial stage the films will grow smoothly,
this means one atomic layer at a time. This process continues until a certain film thickness is
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reached, where the inequality does not hold anymore due to the elastic energy contributions.
Subsequently, 3D-islands will be formed. The growth proceeds via the Stranski-Krastanov
growth mode, which predominantly occurs in heteroepitaxial systems due to the mismatch
in the lattice structures. In homoepitaxial growth systems the condition ΔW = 0 holds. Films
grow via layer-by-layer growth (or Frank-van der Merwe growth), ideally the growth of a
layer only starts after the previous one is completed.
Under far from equilibrium conditions e.g. growth by molecular-beam epitaxy (MBE)
the morphology of a growing film is a result of the interaction of different atomic diffusion
processes, which occur on a time scale set by the deposition flux. The thermodynamic and
kinetic limit provide different descriptions of film growth. Nevertheless, in real systems
a clear separation between the energetic and kinetic effects can not be always achieved.
The simplest model to study the basic kinetic growth mechanisms is the homoepitaxial
systems, which according to thermodynamic concepts proceed via layer-by-layer growth
mode. Therefore, the occurrence of a different growth mode is only attributed to kinetic
effects. In the spirit of a simple picture two different diffusion processes are considered
to occur on the crystal surface, diffusion of a single adatom on a flat terrace (intralayer
transport) and diffusion of a single adatom across a step to a lower terrace (interlayer
transport). According to the rates of both latter processes three kinetic growth modes can
be observed in homoepitaxy, which are known as step-flow growth, layer-by-layer growth
and multilayer growth [5]. Step-flow growth appears when intralayer transport is so rapid
that adatoms reach the nearest steps and are captured there before they could form a stable
nuclei [5, 184]. This mechanism usually occurs close to the equilibrium. When the system is
far from equilibrium, growth proceeds via nucleation of adatoms on the terraces and hence
growth of adatom islands. In this case, the interlayer transport becomes determinant for the
growth mode which proceeds via two extreme cases: layer-by-layer growth or multilayer
growth. Ideally, within the layer-by-layer mode every deposited adatom over an island
reaches one of its step edge and jump to a lower layer. If the deposited adatoms remain
bonded to the island and further nucleation takes place over the islands, the multilayer
growth mode takes place.
2.4.2. Atomic Processes and Rate Equations
The growth of a crystal starts with the arrival of atoms through a potential gradient from
vapor or liquid phase to the crystal surface, then deposited atoms become adsorbed on
the substrate. Different atomistic processes are encountered by adatoms on the surface,
which is usually not perfectly flat but contains imperfections e.g. steps. After deposition an
adatom may diffuse on a flat terrace from one adsorption site to the next one by crossing
over intermediate steps, this topic has been discussed in Sec. 2.3. In contrast to flat terraces,
there is a numerous variety of diffusion mechanisms in the presence of surface defects. This
is ascribed to the larger number of active sites e.g. kink sites. When an adatom has been
captured by an already existing ad-island or step-edge, it may migrate along the edge, across
it or even detach from it. In those cases, diffusion proceeds via hopping or an exchange
mechanism. For example, diffusion of an Al adatom along the 〈110〉/{111} step on Al(111)
proceeds via an exchange mechanism with act = 0.4 eV [185], while along the 〈110〉/{111}
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Figure 2.5.: Ball model of atomistic processes for adatoms on a clean surface: (a) deposition,
(b) diffusion on a terrace, (c) nucleation of an island, (d) detachment from an
island, (e) diffusion across a step, (f) diffusion toward a step, (g) diffusion over a
step, (h) nucleation of an island on top of an existing island, and (i) diffusion of
a dimer. This diagram was inspired by Fig. 1.3 in Ref. [4] and Fig. 2 in Ref. [19].
step on Al(111) an Al adatom diffuses via hopping with act = 0.3 eV [185]. The authors have
concluded that the difference on energy barriers and prefactors for diffusion along both step
orientations can lead to temperature dependent ad-island shapes [185]. Pötting et al. have
presented a detailed study on self-diffusion on perfect and imperfect Au(100) surfaces, they
found out that detachment processes have low rates due to bond breaking [186]. Diffusion
across a step involves the motion of an adatom at the step-edge to a lower terrace, the
adatom must overcome the so-called Ehrlich-Schwöbel (ES) barrier [187, 188]. Some authors
[189, 190] pointed out that the ES barriers may depend on the step thickness. This barriers
can strongly influence crystal growth in the kinetic regime [12, 185, 191–193] e.g. large step
barriers support multilayer growth when thermodynamics predict layer-by-layer growth.
Eventually, during diffusion an adatom can be reached by another adatoms and form stable
dimers, trimers or larger clusters, which may migrate [194–197] or even coalesce [198]. The
number of possible diffusion processes for islands increases tremendously with their size,
therefore new approaches have been proposed to tackle this problem such as Self-Learning
Kinetic Monte Carlo (SLKMC) [199], which has been applied on heteroepitaxy systems [200,
201].
2.4.3. Nucleation
The atomic processes form the basis of phenomenological rate equations for kinetic growth
on a flat surface. Considering that adatoms are the only diffusive species i.e. dimers and
cluster are immobile, the Equations 2.47 and 2.48 describe the time evolution of the areal
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concentrations1 =B of cluster containing B adatoms [4].
3=1
3C
=  − 2^1 =21 − =1
∑
B>1
^B =B + 2W2 =2 +
∑
B>2







− WB =B + WB+1 =B+1. (2.48)
The number adatoms is increased by the deposition rate  . The second and third term from
Eq. (2.47) account for the loss of adatoms through dimer at rate ^1 formation and attachment
to larger clusters at rate ^B . While the last two terms of Eq. (2.47) are sources of adatoms,
they appear as a result of dimer dissociation and detachment from an island = 9 at a rate W 9 .
Eq. (2.48) results from the growth of islands of size 9 − 1 and the decay of islands of size 9 + 1.
Desorption from the surface is neglected in Eq. (2.47) and (2.48). In general, Eq. (2.47) and
(2.48) provide a complete picture of nucleation process. But, they contain a large number
of coefficient rates ^B and WB , which mostly remain unknown. One way around this issue
is to distinguish between stable and unstable clusters with sizes B ≥ 8∗ + 1 and 2 ≤ B ≤ 8∗
respectively. 8∗ is known as the critical cluster size, which depends on the flux as well as the
temperature within this framework. The unstable clusters are assumed to decay faster that
their net rate, this establishes thermodynamic equilibrium among the clusters. This means
that the density of unstable clusters is stationary, and the concentration of unstable clusters
can be written as function of =1 (Walton relation) [4].





for 2 ≤ B ≤ 8∗, (2.49)
where B is the binding energy of a cluster of size B , l denotes the area of an adsorption site.
The stable clusters of sizes B ≥ 8∗ + 1 can increase by attachment, but they are assumed to







, with B ≥ 8∗ + 1. (2.50)















= ^8∗ =1=8∗ . (2.52)
The average of captured adatoms by stable ad-islands is defined by




1Density of cluster averaged over a region containing a large number of clusters.
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In thermal equilibrium Eq. (2.47) becomes
3=1
3C
=  − ^8∗=1=8∗ − =1 ¯̂ # . (2.54)
The solution of the coupled equations are far from trivial [4]. Two temporal regimes can
be obtained: transient nucleation and steady state nucleation. In the first regime the loss
of adatoms is negligible at very early stages. Therefore, the density of adatoms increases
linearly with the time and the total density of stable ad-islands grows as ∼ =8∗+21 . At the
steady regime the number of deposited adatoms is balanced by the number of adatoms
which are captured by stable ad-islands, this results in =1 ≈

¯̂#
. Solving Eq. (2.52), it is







where  is the diffusion coefficient of an adatom on the flat surface. This relation can be
used to obtain kinetic parameters such as activation energy barriers from experimental
measurements e.g. growth of Ag on Pt(111) by Brune et al. [6]. The equation rates here are
restricted to low coverages, cluster mobility and coalescence have been neglected.
2.5. Double Layer Structure
In an electrochemical cell the potential difference between the electrodes (anode and cathode)
creates a variation in the electrostatic potential through the cell [27–29]. In the electrolyte
there is no electric field due to the fact that it is an ionic conductor. Therefore, the potential
variation occurs at the interface between the electrode surfaces and the electrolyte which
creates large field gradients in the order of ∼ 107 V/cm [33, 202, 203]. Although the interfacial
region remains overall neutral, either side of the electrode becomes charged to an equal and
opposite extent, forming the so-called electric double layer [27, 28]. The core problem in
electrochemical studies is to unravel the functional relationship and the effect of the field at
the electrode/electrolyte interface.
One of the earliest model of the electric double layer is attributed to Helmholtz [204],
who stated that two layers of opposite charge formed at the electrode/electrolyte interface
and were separated by small distance 3 , see Fig. 2.6 (a). Thus, the structure of the Helmholtz





where Y is the dielectric constant of the medium, Y0 is the permittivity of free space. The
corresponding potential presents a linear behavior as a function of the separation relative
to the electrode.
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Figure 2.6.: Potential drop across the interface as proposed in (a) Helmholtz model, (b) Gouy-
Chapman model, which is the solution of Eq. (2.61) for I 4 q (G)/:B)  1, and (c)
Stern model. The plane at G2 is the so-called outer Helmholtz plane (OHP). 1/^ is
the Debye length, which denotes the thickness of the diffuse layer.
Gouy-Chapman Model
The charge on the electrode is confined to the surface, but the same is not necessarily true
of the solution. Particularly at low concentrations of electrolyte, one has a phase with a
relatively low density of ions. The Gouy-Chapman model [205, 206] involves a diffuse layer
of charge in the solution, in which a largest concentration of excess charge resides close
to the electrode and a smaller concentration is found at largest distances relative to the
electrode. The concentration of charged ions (cations and anions) in the electrolyte can be
described with help of Boltzmann statistics. Considering the coordinate perpendicular to




I8 4 =0,8 exp(−I8 4 q (G)/:B) ), (2.57)
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where =0,8 is the bulk concentration of ion 8 , and |I8 4 | denote the absolute charge on ion 8 . q
is the potential relative to the bulk solution, at distances far from the electrode the potential














I8 4 =0,8 exp(−I8 4 q (G)/:B) ) . (2.59)
Eq.(̇2.59) is the so-called Poisson-Boltzmann equation [27, 30]. Multiplying by 23q
3G
to











exp(−I8 4 q (G)/:B) ) − 1
]
. (2.60)
In case of an electrolyte, in which cation and anion species have the same absolute charge





















qpzc refers to the potential when the electrode carries no charge. The corresponding differ-
ential capacitance of the diffuse layer is
GC = YY0^ cosh








: Debye inverse length (2.63)
GC has a V-shaped form [27] as shown in Fig. 2.7. There is a minimum at the qpzc and a
steep rise on either side.
A short-coming of this model is that counter-ion concentrations close to charged interfaces,
calculated from Eq. (2.57) can become unreasonably high, even for only moderate values
of surface potential [27, 30]. Moreover, measured capacitances at certain interfaces can be
much lower than those predicted by the model [27, 30].
Gouy-Chapman-Stern Model
Since the Gouy-Chapman model is only valid for low electrolyte concentrations Otto Stern
[207] proposed a combination of the Helmholtz-model and the Gouy-Chapman models,
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Figure 2.7.: Differential capacitances from the Gouy-Chapman theory as shown in Eq. (2.63)
at 25◦C for different values of electrolyte concentrations.
which results in a sequence of linearly and exponentially decreased potentials. The model is
illustrated in Fig. . The plane at G = G2 is called the outer Helmholtz plane (OHP), which
presents the closest approach of hydrated ions to the surface. Within this model the Poisson-
Boltzmann equation (Eq. 2.59) and its solution still apply at distances G ≤ G2, see the potential
drop in Fig. 2.6 (c). As the Gouy-Chapman capacitance lies in series with the capacitance of









The capacitance  is governed by the smaller value of the two components. For this reason
close to qpzc in systems with low electrolyte concentration is expected to be V-shaped [27,
30] as shown in Fig. 2.7.
This model yields a phenomenological description of the solid/liquid interface. For further
continuum models the reader is referred to Ref. [208]. Still as a continuum model it does
not take the atomistic structure of the interface into account e.g. specific and quasispecific
adsorption of ions, see Fig. 2.8. Specifically adsorbed ions reside at the inner Helmholtz
plane (IHP). These ions are chemically bonded to the surface and (partially) discharged.
Quasispecific adsorption of ions describes the mediation of the adsorption process by another
species. Furthermore, the ion-ion correlation effects as well as strong nonspecific interactions
of the ions with the surface charge on the electrode should be considered.
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Figure 2.8.: Schematic atomistic diagram of the metal/electrolyte interface, showing spe-
cific and nonspecific adsorption. Specifically adsorbed ions reside in the inner
Helmholtz plane (IHP), which is the plane at G1. The outer Helmholtz plane
(OHP), which is the plane at G2, is the closest layer of solvated ions to the surface.
This diagram was inspired by Fig. 1 in Ref. [29] and Fig. 3 (b) in Ref. [203].
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To understand and characterize the kinetics and reaction mechanisms of interfacial charge
transfer reactions occurring in an electrochemical environment it is necessary the knowledge
of the physicochemical properties of the reactants as well as the atomic scale structure of
the respective interface e.g. metal/electrolyte interface. Electrolyte species such as anions
can chemisorb on electrode surfaces e.g. (SO4)−2 on Au(111) [34]. Particularly, halides are
known to form closed-packed ordered adlayer structures on metal surfaces depending on
the sample potential applied [35]. They will attract or repulse other adsorbates, resulting in
modified binding energies and diffusion mechanisms as well as the corresponding activation
barriers.
Theoretically, ab initio thermodynamics approach [209–211] addresses the stability of
surface configurations e.g. ordered adlayer phases by considering reservoirs which can
interchange species (adsorbates) with the surface. The free energy per surface atoms, #site, is
compared among the different calculated configurations which contained a variety number
of adsorbates. The most stable surface structure is obtained by minimizing the free energy
per surface atom
G(#8 , #site, `8) =
 (#i, #site) −clean(#site) − #8 `8
#site
, (3.1)
where  (#8 , #site) is the Gibbs free energy of a particular surface containing #8 adsorbates,
and  (0, #site) is the Gibbs free energy of the clean surface, and `8 is the chemical potential
of the corresponding reservoir of specie 8 . In Eq. (3.1) the reservoir for the specie 8 needs to
be defined.
The Gibbs free energy can be divided into the total energy, vibrational/configurational
contributions and the expansion term ?+ . DFT total energies are evaluated for a certain
volume + of a unit cell at zero temperature and neglecting zero-point vibrations.
The vibrational component is given by
vib. (), #8 , #site) =
∫




Fvib. (),l 9 ) (3.3)
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where f (l) is the phonon DOS. Following the Einstein model vib. (), #8 , #site) can be
approximated to the summation over all the degrees of freedom (G, H, I) per adsorbate. From




+ :B) ln(1 − exp(−ℏl/:B) )) . (3.4)
Assuming that adsorption occurs at fixed sites and the interaction between adsorbed
particles can be neglected, the configurational entropy can be written as [30]
(conf . (#8 , #site) = :B ln
(
#site!











#i and #site correspond to the occupied and total adsoprtion sites on the surface. Denoting
the surface coverage as Θ = #8
#site
, (conf . yields
(conf . (#8 , #site) ≈ :B#site
[
− ln(Θ) + (1 − Θ) ln(Θ/1 − Θ)
]
. (3.7)
It should be noted that Eq. (3.7) is not directly applicable to our high-coverage configurations
due to the interaction between the coadsorbates.
Gas phase chemical potential
At gas/solid interfaces, the stability of the different adsorption structures depends on the
surrounding gas phase conditions. Assuming that the molecule of specie 8 is diatomic in gas
phase, the chemical potential is given by
`8 (), ?) =
1
2
`Mol.8 (), ?). (3.8)
The surrounding gas phase is described as an ideal gas reservoir. For an ideal gas of #
indistinguishable particles which do not interact with each other, the chemical potential at
a given temperature ) and volume + is defined by
`Mol.8 (),+ ) =
(











and the pressure can be written as
? = − m (),+ , # )
m+
. (3.10)






where I correspond to the partition function of one particle. The nuclear partition Inucl.
has been considered equal to the unity, spin effects in Eq. (3.11) have been disregarded.
The electronic, translation, vibrational and rotational contributions can be evaluated using
statistical thermodynamics. For the electronic term we consider only the ground state











The vibrational motion of a diatomic molecule involves only one degree of freedom, and is















where  : moment of inertia. (3.14)
In case of symmetrical diatomic molecules it should be accounted the fact of quantum
identical particles.






































Thus, we can write the `Mol.8 as a function of pressure and temperature














Therefore, the chemical potential of the gas phase molecule can be separated into the DFT
total energy of the isolated gas phase specie and a remaining part containing all temperature
and pressure terms.
`Mol.8 (), ?) = 8 + Δ`8 (), ?) . (3.19)
where the term Δ`8 (), ?) can be expressed as
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The temperature change of the enthalpy and entropy is given by Δ (), ?	) =  (), ?	) −
 (0 , ?	) and Δ( (), ?	) = ( (), ?	) −( (0 , ?	) respectively. The temperature dependence
is obtained from the differences of enthalpy and entropy with respect ) = 0 K limit. For
standard pressure the enthalpy and entropy can be taken from thermochemical tables [212].
Furthermore, the elemental phase of the specie for the total energy 8 and Δ`8 (), ?) should
be taken into account. For molecules experimental free enthalpy values in the gas phase are
used from [212]. The reference state 	 is the standard state i.e. ?	= 1 atm.
Chemical potential in electrochemical systems
At liquid/solid interfaces the electrochemical environment is considered as a reservoir, in
which the atoms (cations and anions) are solvated by the electrolyte. Besides the electrode
material, the sample potential and macroscopic parameters of the electrolyte such as pH
and concentration of ions govern the surface composition. Altogether, the interrelations
between the chemical potential, sample potential, ion activities and the electric field at the
interface are necessary, but this is still a challenge for the theory.
To achieve a fully ab initio treatment, several first-principles methods have been proposed
[39, 213–219]. Among them a computational inexpensive method is the so-called Computa-
tional Hydrogen Electrode (CHE) proposed by Nørskov et al. [39]. This technique avoids
the calculation of solvated protons. Here, one takes advantage of the equity of the chemical





 H+(aq) + 4
−, (3.21)
is in equilibrium at zero potential vs. the standard hydrogen electrode (SHE). In fact,
the electrochemical potential of a proton-electron pair ˜̀H+(aq) + ˜̀ (4)
− is equal half of the
chemical potential of of gaseous hydrogen `H2(g) /2. At finite pH and sample potential the
electrochemical potential of the proton-electron pair can be written as a function of the
sample potential by standard thermodynamic relation Δrxn = −4*( , where 4 is the
absolute value of the electron charge and*( is the sample potential.




`H2(g) (), ?	) − 4*( + :B) ln(10)pH. (3.23)
With Eq. (3.23) the chemical potential scale can be converted into a sample potential scale.
This reasoning can be used for other redox couples, for example in case of chlorine Cl−(aq)




Cl2(g) + 4− 













where 0−Cl is the activity of chlorine in the electrolyte. The chemical potential of the gas
phase species at standard conditions can be written as  (8) + Δ`8 (), ?	). Particularly, for
chlorine the chemical potential ca be written as
`Cl = Cl2/2 + Δ`Cl2 (), ?	)/2 + 4 (*( −* 	() + :B) ln(0
−
Cl) . (3.26)
within this approach the effect of the electric field at the interface is disregarded [39].
The CHE has been successfully applied to various systems in the literature [39–41]. This
approach assumes that the charge of an ion is fully neutralized during adsorption. In fact,
this assumption is still an open question in the theory. The screening by solvent molecules
gives origin to the so-called partial charge transferred by the adsorbate to the electrode
[221–224]. The partial charge transfer can not be measured [223], but the thermodynamic
(macroscopic) quantity electrosorption valency W , which is defined as the charge flowing
to the electrode per one adsorbate at a constant electrode potential [221–223, 225], can be
determined. The electrosorption valency is defined as








where fM is the charge density on the metal electrode, Γad is the surface concentration of
the specifically adsorbed ions,  is the Faraday constant. Equivalently, the electrosorption










where `S is the chemical potential of the adsorbed specie in the bulk solution.
Concerning electrosorption valency, Monte Carlo simulations using an equilibrium lattice-
gas model to investigate halide electrosorption on Ag(100) have been reported in the litera-
ture [42–44, 226]. The energy associated to a configuration of adsorbates on the surface has
been described by a grand canonical effective Hamiltonian, in which the chemical potential
of the halide is related to the electrosorption valency W by the term
∫ *
*>
W (* ′) 3* ′, *> is
a reference potential [42–44, 226]. Fitting the simulated isotherms to chronocoulometry
experiments, W as well as the next-nearest neighbor lateral interaction energy have been
obtained. Within this approach and accurate experimental data description of the critical
properties of the continuous order/disorder phase transition within the halide adlayer on
Ag(001) can be provided as a function of the sample potential. Furthermore, calculations by
other authors have been carried out to determine the electrosorption valency by means of
first principles in combination with continuum electrolyte theory [227, 228]. In particular,
Jinnouchi et al. have calculated the electrosorption valency for sulfate and bisulfate as a
function of sample voltage on a Pt(111) electrode by performing a quadratic fit of the Gibbs
free energy to sample voltage [227]. They noticed that there is variation of W at different
anion coverages. For halides on Au(001) surface electrosorption valency values either from
ab initio calculations or experiments are not known to date.
Altogether, the partial charge transfer and the electrosorption valency are to our knowledge
an open question. Therefore, we have not converted the chemical potential as a function of
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electrode potential. Thus, we stay with Δ` as a variable. In Sec. the chemical potential of
the halide is written by
`8 = ref . + Δ`8 , (3.29)
where ref . is one half of the total energy of the isolated molecule for Cl and Br, in case
of I ref . refers to the bulk energy of I2 per atom. DFT results for Cl adlayers have been
published in Ref. [229].
3.1. Surface Structure of Au(001)
Early UHV studies have shown that clean Au(001) surfaces develops a contracted quasihexag-
onal (hex) top layer on the (1× 1) square lattice [14, 230, 231]. Historically, a superstructure
(5 × 1) has been inferred from LEED patterns by Fedak and Gjostein [230], later the same
authors identified a (5 × 20) superstructure [14]. With more sensitive techniques other
superstructures have been reported in the literature, recently Hammer et al. have shown that
the Au(001) reconstruction consists of two rotational domains of a commensurate 2 (28× 48)
surface unit cell [232]. Regarding theory, Havu et al. [233] have investigated superstructures
(5 × # ) for # ≈ 20 − 30 by means of DFT. They found out that denser reconstructions e.g.
(5 × 20) are energetically favored over the (5 × 1) by roughly 0.03 eV/(1 × 1).
In electrochemical environment the gold surface resembles the UHV hexagonal recon-
struction. The stability range of the Au(001)-hex depends on the electrolyte e.g in 0.01 M
HClO4 up to about 0.55 VSCE, and in 0.01 N H2SO4 up to 0.30 VSCE [234]. STM experiments
were able to observe the structural transition (hex)→(1×1) of Au(001) at increasing electrode
potentials [234–237]. The presence of strong specific adsorption plays a determinant role
in the lifting of Au(001)-hex e.g. halide containing electrolytes. But for weakly adsorbing
electrolytes e.g. HSO4 electrolyte the interaction between the surface dipole and the double
layer constitutes the driving force for the lifting of the reconstruction [238]. Regarding
this topic, theoretical studies by Feng et al. [239] and Jacob et al. [240, 241] have studied
the potential-induced surface reconstruction of Au(001) without specific ion adsorption by
means of DFT. In order to introduce the presence of an electrode potential a variable electric
field has been applied perpendicular to the surperstructure (5×1) and (1×1). To convert the
surface charge to electrode potential scale experimental results e.g. double layer capacitance
[239], cyclic voltammogram (CV) curves [240, 241] have been used. They conclude that
electronic effects due to surface charging plays a major role in lifting the reconstruction.
Recent work by Hörmann et al. [242] using a grand canonical simulation based on DFT
in a continuum electrolyte have reproduced the transition (hex)→(1×1) in the absence of
adsorbates. But calculated potential zero charge showed a difference of about ≈ 0.4 V with
respect to experimental values, the authors attributed this in part to low density of Au atoms
on the (5 × 1) [233].
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Figure 3.1.: Atomic geometry of the Au(001) substrate. (a) unreconstructed Au(001-(1 ×
1)(001), (b) the top layer is in reconstructed hexagonal structure with (5 × 1)
periodicity as calculated in References [233, 239, 240]. Black squares denote the
surface unit cells used in the calculations.
3.2. Cl Adlayer on Au(001)
In Cl− containing electrolyte the lifting of the reconstruction is about 0.08 VAg/AgCl (0.01M
HCl solution) [38], this corresponds to an anodic peak in the CV curve [35, 38, 57, 243]. A
low coverage of Cl has been measured on Au(001)-hex by Al-Shakran et al. [37]. For the




2)R45◦ has been reported in surface X-ray
scattering (SXS) [35]. Moreover, in situ high-speed STM studies [38] have shown a defective
2 (2 × 2) structure in the potential regime from 0 to 0.4 VAg/AgCl. At more positive sample
potential a transition to a uniaxially compressed inconmensurate 2 (
√
2 × ?)R45◦ structure
has been observed [35, 38, 243].
To identify the equilibrium chlorine coverage and the Cl adsorption structure as a function
of Δ`Cl, DFT calculations for several Cl structures on Au(001)-(1 × 1) have been performed
with coverage Θ ranging from 0.063 to 0.63. Electrolyte effects as well as electric field
interactions have not been included in the calculations. In Fig. 3.2 four Cl adlayers are




2)R45◦ with Θ = 0.5, (c) ? (3
√
2 ×√
2)R45◦ at Θ = 0.33, and (d) ? (8×
√
2) at Θ = 0.63, further structures are listed in Appendix
A.6.
The total energy of a configuration will be denoted by
 (<,C , #site) . (3.30)
< is the number of Cl adatoms in the unit cell, #site denotes the number of Au atoms per
layer in the (1 × 1) − D surface. Thus, the coverage is defined as the ratio of </#site.
The various possible configurations at a given (<, #site) are listed by C . For example in
Appendix A.6 four different configurations at (< = 16, #site = 36) are shown. The minimum
of  (<,C , #site) with respect all configurations C at a given Θ and #site will be only taken
into account.
0(<, #site) = min
C
 (<,C , #site) . (3.31)
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Figure 3.2.: Atomic structures of the Cl/Au(001) interface. (a) 2 (2 × 2)-Cl adlayer at Θ = 0.5




2)R45◦-Cl adlayer at Θ = 0.5 simulated








2)R45◦-Cl with Θ = 0.33 simulated in a





The coverage is determined by the ratio of the number adsorbed adatoms to the
number of gold atoms in the surface.









Following ab initio thermodynamics approach G from Eq. (3.1) should be calculated [40, 209–
211], in fact the adsorption energy per #site ads is an approximation. The configurational
entropy and the contribution of differently adsorbed Cl atoms to vibrational free energy
have been neglected. The contribution regarding zero point energy and vibrational free
energy would be of the order of 0.040 eV for high-coverage configurations, which can be
incorporated into the chemical potential term resulting in a shift in the value of `Cl.
ads(Θ,Δ`Cl) vs. Δ`Cl is shown in Fig. 3.3. The stable Cl structure for a given Δ`Cl
results from the minimization of ads over all coverages. To consider the hex-reconstruction
as a first approach, we calculate the surface energy per #site of (5 × 1) with respect to
(1 × 1) disregarding the Cl adsorbates. This value amounts to -0.042 eV (∼-0.037 eV [233]).
Considering the surface energy of (5 × 1) with respect to (1 × 1) we determine the range of
stability for the hex-Au reconstruction Δ`Cl <∼ −1.03. However, it should be noticed that
this number is uncertain for two main reasons: (a) the reconstruction of Au surface and
the neglect of electric fields, and (b) the limited number of Cl configurations with Θ < 0.5.





2)R45◦ with Θ = 0.33 for −1.03 < Δ`Cl < −0.94,
• 2 (2 × 2) with Θ = 0.33 for −0.94 < Δ`Cl < −0.35,
• ? (8 ×
√
2) with Θ = 0.63 for Δ`Cl > −0.35.
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2)R45◦ structure is characterized by vacancy-chains parallel to the [010]





from LEED patterns at low temperature [244]. The chains are oriented in the [010] (or
the [100]) direction of the Au substrate [244], which is identical to the direction of the
vacancy chains in our calculation. At saturation coverage Iwai et al. have identified a
2 (2 × 2)-Cl adlayer from LEED pattern at low and room temperature. In the electrochemical
environment at)room the experiments in Ref. [37] yield a smooth variation of the Cl coverage
as a function of sample potential. It is expected that at)room the vacancy chain configurations
will show small statistical weight. Thus, the smoothness of ads can be recovered at )room.
In Chapters 4 and 5, we restrict our discussions to values of Δ`Cl in [−0.94,−0.35] eV,
where the 2 (2 × 2) is stable within the calculated configurations.
3.2.1. Exchange-Correlation Energy and Solvation Effects
In order to obtain a measure of the effect related to the exchange-correlation functional





2)R45◦-Cl adlayer within the local-density approximation (LDA), general-gradient
approximation (GGA) for PBE [84] and revPBE [245], and nonlocal van Waals (vdW) func-
tional for vdW-DF [98, 100, 246]. A continuum solvation model, which models solvent as a
dielectric material, have been applied by using the self-consistent solvation (SCCS) method
[123].




2) SUC for 2 (2×2)
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2)R45◦ Cl adlayers, respectively. The computational parameters described in
AppendixA.6 have been applied. Atoms are represented by pseudopotentials from PSlibrary
[247], the chosen pseudopotentials have been generated with the same (or a close) functional.
Regarding the continuum solvation calculations, the parameterization fit03+V [123, 248] has
been employed.
From Tab. 3.1 Δ amounts approximately to −0.01 eV independently of the exchange-
correlation functional. Therefore, a shift of the value of `Cl is expected for Fig. 3.3 if a
exchange-correlation functional from Tab. 3.1 is chosen.





2)R45◦-Cl adlayer using different exchange-correlation energy func-
tionals. Δ has been calculated using PBE [84] and the self-consistent solvation
(SCCS) method [123]. The parameterization fit03+V [123, 248] has been used for
the continuum solvation calculations. Each system has been fully relaxed using
the corresponding lattice constant 2 .
Functional Method
LDA GGA GGA+NL
LDA PBE revPBE vdW-DF SCCS
[73] [84] [245] [98, 100, 246] [123]
2 (Å) 4.065 4.156 4.204 4.2364.053 [104] 4.159 [249] 4.191 [250] 4.249 [104]
ads(1/2, 0) (eV) -0.72 -0.54 -0.44 -0.57
2 (2 × 2)
Δ (meV) -8 -9 -8 -7 -8
3.3. Br Adlayer on Au(001)
In Br− containing electrolyte the lifting of the hex-reconstruction and the formation of the
(1 × 1) phase has been reported to occur at -0.15 VSCE [251]. Two ordered bromide adlayer





adlayer with coverage Θ = 0.5 has been reported by using STM [243] as well as in SXS





from 0.10 to 0.48 VSCE [243]. A incommensurate phase 2 (
√
2 × ?)R45◦ is formed at more
positive potentials (≥ 0.48 VSCE), in which the coverage increases from Θ = 0.5 to Θ = 0.57
[243, 252].
The equilibrium bromide coverage and the Br adsorption structure as a function of
Δ`Br have been investigated. DFT calculations for Br structures on Au(001)-(1 × 1) have
been carried out with coverage Θ ranging from 0.063 to 0.58. As in Sec. 3.2 2 (2 × 2)-Br
adlayer surfaces with 1, 2 and 6 Br vacancies have been calculated within a ? (6 × 6) SUC,
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adlayer with 1, 2 and 4 Br vacancies have been calculatedwithin a 2 (8×8) SUC, corresponding
to Θ = 0.47, 0.44 and 0.38. The latter Br structure with Θ = 0.38 is depicted in Fig. 3.4 (b).





























Following Eq. (3.32), the stability of different Br adsorption structures is compared with
respect to the clean Au(001) surface by
ads(Θ,Δ`Br) =
[





Fig. 3.5 shows ads(Θ,Δ`Br) as a function of Δ`Br. The adsorption energy corresponding
to the equilibrium coverage is given by the lower envelope of the curves. Considering the
clean Au(001)-hex surface, the Br covered Au(001) surfaces are cut-off at about -0.99 eV.





adlayer is less than 5 meV, which is below the accuracy of the calculated DFT adsorption
energies. Therefore, both Br adlayers are considered to be degenerate. Both structures stay
stable for values of `Br from -0.78 to -0.15 eV as shown in Fig. 3.5. Interestingly, Bertel and
Netzer [253] have inferred from LEED patterns a 2 (2 × 2)-Br structure at low temperature
(180 K) and room temperature. If the Br2 dosing is continued, the authors observed a




2)R45◦-Br, which occurs via an intermediate




2)R45◦-Br [253]. In the electrochemical environment at)room
only the 2 (
√
2 × ?)R45◦-Br for ? ≤ 2
√
2 has been observed [243, 251, 252]. The presence of
water molecules and cations in the DFT calculations could be decisive factor to determine
which of both structure is more stable.
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Figure 3.5.: Adsorption energy per #site ads at given values of Θ as a function of Δ`Br.
For values of `Br ≥ -0.15 eV a 2 (
√
2 × ?)R45◦-Br with Θ > 0.5 becomes stable. The
calculated structure (Fig. 3.4 (c)) has a coverage of about 0.58. It should be noted that some
Br adatoms are located close to the hollow site due to compression in the [100] direction of
the substrate. The next nearest-neighbor separation ranges from 3.80 to 4.32 Å, while at
Θ = 0.5 the corresponding separation amounts to 4.64 Å.





2)R45◦-Br adlayer with vacancies become stable, but only for a small range
of Δ `Br. In contrast to Cl/Au(001), the formation energy of straight vacancy chains are
smaller e.g. 4 meV per vacancy for 6 VacBr-chain and 17 meV for 6 VacCl-chain [229]. In the
electrochemical environment at )room the experiments in Ref. [251] yield a smooth variation
of the Br coverage as a function of sample potential. We expect that the smoothness of ads
can be recovered by assessing larger number of configurations.
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3.4. I Adlayer on Au(001)
The potential-dependent ordered halide adlayer for the Au(001) substrate in I− containing
electrolyte has been investigated by means of in situ STM by Gao et al. [254]. They found out
that the lifting of the hex-reconstruction occurs at -0.6 VSCE. A compressible incommensurate
2 (?×2
√





with Θ = 0.5 have been observed [254].
To address the equilibrium iodine coverage and the I adsorption structure as a function
of Δ`I, DFT calculations have been performed for several I adlayer configurations with
coverage ranging from 0.063 to 0.5. Besides the calculated structures with Θ ≤ 0.5 in Sec. 3.3,




2) SUC as shown













2) SUC, (b) 2 (4 × 2)-I with Θ = 0.25 simulated
in a ? (4 × 2) SUC (configuration from Ref. [255]), (c) I adlayer with Θ = 0.46





Following Eq. (3.32), the stability of different I adsorption structures is compared with
respect to the clean Au(001) surface by
ads(Θ,Δ`Br) =
[





In this equation, the bulk energy of I2 is considered as the natural state of I2 is solid rather
than gas.
Fig. 3.7 shows ads(Θ,Δ`I) as a function of Δ`I. The adsorption energy corresponding
to the equilibrium coverage is given by the lower envelope of the curves. Considering the
clean Au(001)-hex surface, the I covered Au(001) surfaces are cut-off at about -0.78 eV.
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Figure 3.7.: Adsorption energy per #site ads at given values of Θ as a function of Δ`I.
Among the calculated structures for low coverage, only the 2 (4 × 2) with Θ = 0.25
appears stable for Δ`I from -0.78 to -0.72 eV, see Fig. 3.7 and the I adlayer in Fig. 3.6 (b). It
should be pointed out that this structure has not been observed either in electrochemical
environment or in UHV conditions. In fact, a 2 (6 × 2)-I with Θ =∼ 0.33 has been reported
from LEED experiments at low temperature under certain adsorption/cooling conditions
[256], this structure has not been here considered. For values of ` from -0.72 to -0.41 eV a
2 (? × 2
√
2)R45◦ with Θ = 0.46 becomes stable. In Ref. [254, 256] a similar structure model
has been proposed, in which I adatoms are located at top and hollow sites, and at positions in
between both sites. The authors pointed out that the different adsorption sites of I adatoms
result in a long range periodic modulation [254, 256]. Conversely, in Fig. 3.6 (c) I adatoms
occupy bridge or hollow sites of the substrate, which not reproduce the observed modulation
as the difference of I coordinate between hollow and bridge site are smaller. For ` > −0.41









2)R45◦ adlayer rather than a 2 (2 × 2) could be attributed mainly to the strongly
repulsive interactions among the adsorbed I adatoms.




2)R45◦-I adlayers with Θ ≤ 0.5 have been found
to be stable within this approach. But, further studies would be needed to asses low coverage
configurations such as the 2 (6 × 2)-I adlayer [256] and I adlayer reconstruction with high
coverage Θ > 0.5. Moreover, further structures as shown in Fig. 3.6 (c) are required to
investigate the observed topographical corrugation in STM images of I adlayers [254, 256].
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4. Self-Diffusion of Au Adatomon Cl Covered Au(001)Surface
On the nanoscale the diffusion of atoms and molecules along surfaces and interfaces plays a
crucial role in electrodeposition or dissolution. The transport of this species can be tuned by
the presence of a layer of other adsorbates on the surface [32, 257]. Especially, in the case of
a high coverage of adsorbates the attraction or repulsion between each other modifies the
migration paths, and hence the energy barriers of the diffusing specie. Experiments carried
out under UHV conditions or at the electrochemical interface in conjunction with theoretical
studies [48, 59, 157, 258] have revealed the complexity of this situation, particularly the
chemical nature of the adsorbates can entirely determine the surface dynamic behavior of a
adatom diffusion [48].
In the present Chapter Density Functional Theory (DFT) studies were performed to
investigate the local binding topology of the Au adatom on a fully Cl covered Au(001)
surface at a chlorine coverage Θ = 1/2, as well as, the relevant diffusion mechanisms. In
addition, the diffusion energy barriers have been compared with the corresponding in
systems containing a chlorine vacancy and with an additional adsorbed chlorine adatom in
the vicinity of the Au adatom. DFT results from Sec. 4.1, 4.2 and 4.3 have been published in
Ref. [158].
4.1. Au–Cl Complexes on Au(001)
Although our primary interest and focus are on the atomistic description of the self-diffusion
of a Au adatom on a Cl covered Au(001) surface at high coverage, it is instructive to climb up
the ladder of complexity starting with Au adatom at low Cl coverage. Therefore, calculations
have been carried through for Au adatom,AuadCl, AuadCl2 andAuadCl4 complexes on clean
(1 × 1)-Au(001) surface by means od DFT, our results are compared to the literature.
The adsorption configurations of Au–Cl complexes adsorbed on clean (1 × 1)-Au(001) are
listed in AppendixA.1. The lowest energy configurations for a given number of Cl atoms
bonded to the Au adatom are selected from AppendixA.1. TheAuadCl complex adsorbs at
the hollow site of the substrate, while the Cl atom bonds at the top of the Au adatom [59,
60]. In case of the AuadCl2 complex, the Au adatom adsorbs at bridge site of the substrate
with the Cl adatoms close to Au bridge positions [60]. TheAuadCl4 complex adsorbs at the
hollow site of the substrate with Cl atoms occupying the Au top positions. Fig. 4.1 displays
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Figure 4.1.: The lowest calculated energy energy configurations for Au–Cl complexes ad-
sorbed on the clean unreconstructed Au(001) surface. The black squares repre-
sent the ? (4 × 4) surface unit cell used in the calculation. Details regarding the
computation are to be found in AppendixA.1.
the lowest energy configurations for Au–Cl complexes.
4.1.1. Stability of Au–Cl Complexes
As a very first step, we discuss the stability of Au–Cl complexes as a function of Cl chemical
potential. In order to obtain such dependency, a Cl reservoir is assumed with the `Cl. The
stable complexes are selected by minimizing





with respect =Cl, which denotes the number of Cl atoms bonded to the Au adatom. #site is
the number of Au atoms per layer. 0(=Cl, #site) is the total energy of the system Au–Cl
complex with =Cl atoms on Au(001), see Fig. 4.1. 0(0, #site) is chosen as a reference energy
and corresponds to a single Au adsorbed on Au(001) as shown in Fig. 4.1 (a).
Fig. 4.2 shows di,1 as a function of `Cl for =Cl = 0, 1, 2 and 4. At equilibrium state
between the Cl adatoms and the reservoir the value of `Cl depends on the coverage e.g. at
Θ = 1/16 `Cl amounts to -1.21 eV. For theAuadCl complex di,1 at `Cl = -1.21 eV amounts to
only -0.01 eV. The negative sign suggests that there is an energy gain if a Cl atom is adsorbed
on the top site of the Auad rather than on the terrace, but the absolute value is below the
accuracy of our DFT calculations. At `Cl = -1.21 eV di,1 amounts to +0.14 eV (0.13 eV [60])
and +1.57 eV for AuadCl2 andAuadCl4, respectively.
From Chapter 3 the 2 (2× 2)-Cl adlayer at Θ = 1/2 is stable for the values of `Cl from -0.94
to -0.35 eV. Along this range we observe from Fig. 4.2 that the AuadCl2 andAuadCl4 complexes
are stable. In fact, AuadCl2 complex remains stable from -0.94 to -0.50 eV approximately,
which is equivalent to 75% of the range of 2 (2 × 2)-Cl adlayer. Therefore, in Sec. 4.1.2 we
focus on the diffusion of AuadCl2 complex. We compare the activation energy barriers of
AuadCl2 with the diffusion barrier of Au andAuadCl.
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Figure 4.2.: di,1 is plotted as a function of `Cl for Au–Cl complexes depicted in Fig. 4.1.
Grey regions denote the stability range of the clean hex-Au(001) and 2 (2 × 2)-Cl
covered Au(001) with Θ = 1/2.
4.1.2. Diffusion of Au–Cl Complexes
Auad
The diffusion of a single Au adatom on clean unreconstructed Au(001) surface has been
investigated in detail by DFT [59, 60, 186, 194, 259]. According to these studies the Au
adatom diffuses via exchange mechanism. In comparison to Cu/Cu(001) and Ag/Ag(001),
which diffuse via hopping over the bridge site, the tensile surface stress lowers the energy
of the transition state for the exchange mechanism on Au(001) [259]. Results from the
literature are summarized in Tab. 4.1.
AuadCl
Mesgar et al. [59, 60] investigated the diffusion of AuadCl complex on clean unreconstructed
Au(001) by step-wise movement of the adatom along the pathways [59, 60]. They found
that exchange mechanism is favorable for AuadCl complex with an energy barrier of 0.34 eV,
while the activation energy via hopping amounts to 0.5 eV [59, 60].
AuadCl2
The MEP for the lowest energy diffusion path for AuadCl2 complex which we have identified
is shown in Fig. 4.3 and atomic geometries are shown in Fig. 4.4. Along this path the AuadCl2
complex performs a rotation and a translation at the same time. The diffusion barrier is
calculated to be 0.07 eV. Along the MEP a local minimum is encountered as depicted in
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Fig. 4.3 and denoted by LM, which is energetically unstable by only 0.05 eV with respect the
start configuration. Mesgar [60] calculated diffusion paths in which the AuadCl2 complex
moves toward the perpendicular and collinear direction of the complex, obtaining energy
barriers about of 0.15 eV and 0.18 eV respectively [60].











collinear hopping collinear hopping with rotation
perpendicular hopping
Figure 4.3.: Variation of energy along the diffusion, with the adsorptionminimum (Fig. 4.1 (c))
taken as reference. Diffusion along [110] Calculations have been performed in a






Figure 4.4.: Atomic geometries of local minimum (LM) and transition state (TS) configu-
rations along the MEP with the lowest energy barrier in Fig. 4.3. The AuadCl2
can diffuse to any adsorption site. NEB calculations have been carried on with 4
layer slabs.
Among the Au–Cl complexes here considered, the AuadCl2 is the most stable within
the range of `Cl of [-0.94,-0.50] eV and possesses the lowest energy barrier. The effect of
adsorbate-adsorbate interactions on the diffusion of Auad will be accounted in Sec. 4.2, 4.3
and 4.4.
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4.2. Self-Diffusion of Auad on Cl Covered Au(001) at Θ = 1/2
Table 4.1.: Comparison with theoretical studies of activation barriers act (eV) and variation
of dipole moment Δ ` (eÅ) at transition state for Au,AuadCl and AuadCl2 on clean
(1 × 1)-Au(001).
Complex Mechanism act (eV) Δ ` (eÅ)








-0.08 -0.11 [60]0.32 [194]
0.55 [186]
AuadCl
Hopping - 0.50 [59, 60] - -0.11 [60]




0.11 0.15 -0.07 -0.10 [60]
Collinear hopping 0.23 0.18 -0.05 -0.17 [60]
Collinear hopping
with rotation
0.07 - -0.12 -
4.2. Self-Diffusion of Auad on Cl Covered Au(001) at Θ = 1/2
So far, however, little is known about the detailed diffusion mechanisms of a Au adatom
embedded in a halide coadsorbed structure. Therefore, the overall goal of the presented
work is to investigate the chlorine chemical bonding near the Au adatom, as well as, the
diffusion mechanisms. Special attention will be focused on the variation of dipole moment
Δ ` along the diffusion paths, because according Giesen et al. [47] positive Δ ` would imply
a decrease on the energy barrier within the sample voltage. Sections 4.2.1 and 4.2.2 will deal
with a (1 × 1)-Au(001) surface that is entirely covered by a Cl adlayer. Two experimentally




2) [35] Cl adlayers, have been
considered.
Adsorption configurations chosen by chemical intuition have been ionically relaxed.
Beside relaxation, a set of local configurations have been investigated by BOMD and
metadynamic-BOMD, see Appendix A.3. The atomic configurations and energies of Auad
adsorbed on Cl covered surfaces with Θ = 1/2 here considered are listed in Appendix A.2,
which has been published in the Supplementary Material of Ref. [158].
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Figure 4.5.: Selected adsorption configurations of Auad on 2 (2 × 2)-Cl Au(001) surface. (a)
Lowest energy configuration. Energy difference Δ with respect to structure
(a) amounts to: (b) Δ = 0.37 eV, (c) Δ = 1.15 eV. Dotted circle in (c) highlights
the displacement of a Cl adatom from the 2 (2 × 2) sublattice. The black squares
represent the ? (6 × 6) surface unit cell used in the calculation.
4.2.1. Diffusion of Auad on 2 (2 × 2)-Cl Au(001)
DFT calculations for Auad adsorbed on the 2 (2 × 2)-Cl Au(001) surface, see Appendix A.2,
yield the most energetically favorable structure as shown in Fig. 4.5 (a). The Au adatom is
adsorbed at bridge site of the surface, and binds to two Cl adatoms. The Auad–Cl bond length
is about 2.31 Åon clean and 2 (2×2)-Cl Au(001) surfaces, while the optimized bond length for
the neutral and ionic AuadCl2 molecule in vacuum [260] is 2.18 and 2.28 Å respectively. The
formed AuadCl2 complex is arranged along the [100] (or [010]) direction of the substrate. If
the AuadCl2 complex lies parallel to [110] direction of the substrate as depicted in Fig. 4.5 (b),
the local minimum configuration is 0.37 eV more unstable than the lowest total energy
configuration. The energy difference can increase significantly, if the distance between Cl
adatoms is smaller than the lattice constant. For example, the energy difference between
structure from Fig. 4.5 (c) (analog to configuration in Ref. [60]) and the lowest total energy
configuration amounts to 1.15 eV.
The discussion regarding the diffusion of Auad will start with a process that involve
the dissociation of AuadCl2 complex to AuadCl complex and Cl adatom, continue with the
rotation of the AuadCl2 complex and the neighboring Cl adatoms. Additionally, two further
diffusion paths will be discussed. One is characterized by the formation of a AuadCl3-like
structure, and the last involves an exchange process between the Auad and a Au atom of
substrate.
Hopping via Hollow Site
The translation of Auad by 0 (nearest-neighbor distance) to an equivalent neighboring posi-
tion preferentially proceeds via the MEP depicted in Fig. 4.6 with the corresponding atomic
geometries depicted in Fig. 4.7. The activation barrier amounts to 0.44 eV in Fig. 4.6. The
hopping via hollow site promotes only the [1̄10] direction of diffusion, in which the dissoci-
ation and formation of AuadCl2 complex occurs. Similarly, Mesgar proposed a diffusion path
based on the transition of AuadCl2 to AuadCl with an energy barrier of 0.69 eV in Ref. [60].
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There are two main differences between both diffusion paths. First of all, AuadCl2 complexes
are arranged differently in the initial configurations as shown in Fig. 4.5 (a) and (c). Secondly,
the diffusion of Auad proceeds along the [110] direction of the substrate in Ref. [60], while
in our path the Auad moves toward the [1̄10] direction.
Figure 4.6.: Variation of energy Δ E and dipole moment Δ ` along the diffusion path of a
Auad via hollow site (see Fig. 4.7) in a fully covered 2 (2 × 2)-Cl Au(001) surface.
A Nudged Elastic Band (NEB) calculation has been carried out for the 4 layers
Au slabs. Diamonds denote the calculated configurations, the red line is an
interpolation of the energies along the path. Half of the path is derived from
symmetry operations.
The migration of Auad starts with:
1. the diffusion to the next hollow site. During this step one of the Cl atoms from the
complex raises up the top of Auad, see side-view of Fig. 4.7. At this point the system
arrives to a local minimum (LM) configuration, which is less energy favorable by
about 0.3 eV with respect to the initial configuration.
2. In the next half of the path the Auad diffuses from hollow site to the next bridge site.
This part is identical to step 1 by mirror symmetry.
Concerning the dipole moment, the elevation of one Cl atom from the AuadCl2 complex
is correlated with the strong negative variation of dipole moment Δ `, which is calculated
with respect to the initial configuration. At the transition state (TS) the difference between
the I coordinate of the elevated Cl relative to the I coordinate of a Clad far from the complex
amounts roughly to 1.2 Å and its Δ ` is -0.19 eÅ. Similarly, at the local minimum (LM) the
difference between z coordinates amounts to 2.1 Å, which yields a more negative Δ ` -0.40
eÅ. Following the formula by Giesen et al. [47], a negative Δ ` at the transition state implies
an increase in the energy barrier with the sample voltage.
59
4. Self-Diffusion of Au Adatom on Cl Covered Au(001) Surface
Figure 4.7.: Initial and final position for the diffusion of Auad on a completely 2 (2 × 2)-
Cl covered Au(001) surface as well as the intermediate configurations for the
hopping via hollow. Along the path a local minimum is encountered, which
is denoted as LM, and the transition states is denoted by TS. The remaining
intermediate configurations along the path are denoted as I. The ? (6× 6) surface
unit cell used in the calculation is indicated by black squares. For sake of better
visualization of the Auad diffusion some Cl atoms are not shown in the side-view
representations.
Rotation of AuadCl2 complex
In Ref. [48] Rahn et al. suggest two diffusion mechanisms for a Sad on a halide covered
Cu(100) surface. Here, of particular interest is the diffusion by rotation of Sad and the halide
coadsorbates. However, it is not directly applicable to our case due to the adsorption sites
and the bonding between Auad and coadsorbates. In spirit of their work, a MEP of the
rotation of the AuadCl2 complex and neighboring Cl adatoms is depicted in Fig. 4.8 with
the corresponding atomic geometries illustrated in Fig. 4.9. Along the reaction path two
transition states are encountered, both amount to 0.52 eV. It should be noted that here the
diffusion specie is the AuadCl2 complex rather than the Auad. Additionally, the AuadCl2 can
diffuse from bridge site of the substrate to any symmetrically equivalent site.
In Fig. 4.9 the Cl atoms that participate in the diffusion path of AuadCl2 are labeled with
the numbers 1 and 2. We refer to them as atom 1 and atom 2, which are initially separated
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Figure 4.8.: Diffusion energy path of the Auad by rotation mechanism, see Fig. 4.9. Variation
of energy Δ E and dipole moment Δ ` along the diffusion path. The thickness of
the Au slabs is 4 layers. Diamonds denote the calculated configurations.
by 4.08 Å (≈ lattice constant). The diffusion path proceeds as following:
1. the atom 1 diffuses to next neighboring bridge site, this motion produces a slightly
displacement of the AuadCl2 complex and atom 2. Thus, the energy is increased by
about 0.33 eV. See configurations I1 and I2 in Fig. 4.9, and the corresponding Δ in
Fig. 4.8.
2. The atom 2 moves toward the next bridge site, and arrives to a local minimum (LM1 in
Fig. 4.9). The position of atom 2 in TS1 is consistent with the transition state geometry
of a single Cl adatom on Au(001) shown in Sec. 2.3.4. In LM1 structure the AuadCl2
complex is slightly tilted with respect to the initial position. Atoms 1 and 2 occupy
energetically unfavorable positions, the separation between them is about 3.53 Å
which is 20% larger than the nearest-neighbor distance. Therefore, LM1 configuration
is energetically unfavorable by 0.40 eV with respect to the initial configuration.
3. The MEP between local minima (LM1 and LM2) corresponds solely to the diffusion of
AuadCl2 complex. It should be noted that LM1 and LM2 are equivalent by a symmetry
operation (horizontal mirror). The corresponding energy barrier amounts to 0.12
eV with respect to LM1, this value is consistent with results for diffusion of single
AuadCl2 complex on Au(001) in Sec. 4.1.2. At TS2 configuration the AuadCl2 complex
is arranged along the [1̄10] (or [110]) direction of the substrate. Finally, atoms 1 and 2
diffuse consecutively to next 2 (2 × 2)-Cl sublattice sites.
In comparison to the previous path, here the motion of Cl adatoms is close to the surface,
see side-view representations in Fig. 4.9. But, the AuadCl2 complex as well as the surround-
ings Cl adatoms move along I direction up to 0.3 Å, which altogether contribute to the
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dipole moment. The variation of the dipole moment at the both transition states amounts
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Figure 4.9.: Initial and final position for the diffusion of Auad on a completely 2 (2 × 2)-
Cl covered Au(001) surface as well as the intermediate configurations for the
rotation mechanism. Along the paths two local minima (LM1 and LM2) and two
transition states (TS1 and TS2) are encountered. The remaining intermediate
configurations along the path are denoted as I. The thickness of the Au slab is 4
layers. The squares represent the ? (6×6) surface unit cell used in the calculation.
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4.2. Self-Diffusion of Auad on Cl Covered Au(001) at Θ = 1/2
Hopping via Bridge Site
The MEP for a translation of Au adatom from a bridge position via bridge site is depicted in
Fig. 4.10 and atomic geometries are shown in Fig. 4.11. The diffusion specie in Fig. 4.11 is
solely the Au adatom. The activation barrier for this path amounts to 0.81 eV, which is 45%
larger than the hopping via hollow. However, this mechanism is still interesting since along





Figure 4.10.: Hopping of the Auad via bridge site. Variation of energy Δ E and dipole moment
Δ ` along the diffusion path.
In Fig. 4.11 the Cl adatoms that will bind to Auad are labeled with the numbers 1 and 2.
We refer to them as atom 1 and atom 2. The AuadCl2 complex is initially arranged along
the [100] direction of the substrate in Fig. 4.11. The Auad moves toward bridge position
in the [01̄0] direction of the substrate, while the Cl atoms of the complex and atom 1 are
slightly displaced from their initial positions. At the transition state a Y-shaped AuadCl3-like
structure is formed. The Auad resides close to the bridge site of the substrate, thus the
AuadCl2 bonds are stretched from 2.31 Å to 2.63 and 2.37 Å and the separation between Auad
and atom 1 has reduced from 4.62 Å to 2.73 Å. Adsorption structures of AuadCl3 adsorbed
on clean (1 × 1)-Au(001) surface have not been reported so far. But, Lee et al. have found
no stable AuS3 complex on clean unreconstructed Au(111) by means of DFT [261].
After the energy barrier has been surmounted, the system arrives to an intermediate local
minimum (LM) configuration as shown in Fig. 4.11. The AuadCl2 complex is arranged along
the [110] direction, which is energetically unfavorable by 0.37 eV with respect to the initial
configuration. This increment of energy is attributed to the displacement of Cl adatoms,
which are separated by 4.65 Å but initially the separation was about 5.65 Å (≈ 2 times the
nearest-neighbor distance). From this position the Auad can diffuse to any lowest energy
position by symmetry operations.
Concerning the dipole moment, Δ ` at the transition state amounts to -0.03 eÅ. The
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Figure 4.11.: The diffusion path of a Auad hopping from bridge site to the next lowest energy
position. Along the paths a local minimum is encountered, which is denoted
as LM, and the transition state is denoted as TS. The remaining intermediate
configurations along the path are denoted as I.
absolute value of Δ ` is distinctly smaller than in the previous paths, this is ascribed to the
small variations of I coordinates of Cl adatoms from -0.28 to +0.14 Å.
Auad–Au Exchange
From the literature it is known that the diffusion of a single Auad on a clean Au(001) surface
proceeds by exchange mechanism. In addition, further theoretical studies [194, 195, 262]
concluded that the exchange process is also favorable for the diffusion of Au dimer on clean
Au(001) surface. This feature of the Auad at clean Au(001) leads us to two questions: how
could the Auad diffuse via exchange mechanism on a Cl covered Au(001) surface? and how
large would be the corresponding activation barrier?
Keeping in mind that the Auad adsorbs at bridge site and binds to two Cl atoms, one
possible exchange mechanism is between the Auad with the next nearest Au atom of the
substrate. The corresponding MEP is shown in Fig. 4.12 and the atomic geometries are
depicted in Fig. 4.13. The migration of the Au adatom is restricted to the [110] direction of
the substrate, while on clean surface the Auad diffuses along the [100] (or [010]) direction.
The activation barrier amounts to 0.89 eV, which is 66% larger than on clean Au(001) surface.
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Figure 4.12.: Exchange mechanism with the Auad and a first layer Au atom. Variation of
energy Δ E and dipole moment Δ ` along the diffusion path.
The increment of energy can be ascribed to the atomic geometries along the path e.g. the
orientation of Au dimer, the separation between Cl and Au atom from the substrate. In
fact, the difference between I coordinate of the Au atoms amounts to 1.1 Å at the transition
state, while on clean (1 × 1)-Au(001) the Au atoms are found at the same I coordinate.
Furthermore, the Auad is only coordinated to one Au atom of the substrate, but on clean
surface the Auad is fivefold coordinated at the transition state [259].
The variation of dipole moment at the transition state is +0.10 eÅ, which means a decrease
of the energy barrier with the sample potential. However, this path is rather unlikely due to
its high energy barrier.
A further exchange mechanism between Auad and a Au atom of the substrate, which are
separated from each other by about 4 Å, along the [100] direction of the substrate leads to a
similarly large energy barrier, therefore will not be further discussed.
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Figure 4.13.: The diffusion path of a Auad by an exchange process. The Auad exchanges with
a first layer Au atom.









2)R45◦ Au(001) surface is expected to
proceed from a hollow position to next neighbor via a bridge site. A low deformation of
the Cl adlayer in the presence of Au adatom was assumed due to the spacing between
neighboring Cl adatoms in the sublattice. In fact, Golks et al. conjectured that at the bridge
site the variation of dipole moment could be positive. This argumentation would explain
the potential dependence of Auad on Au(001) surface in the electrochemical environment.
To investigate the hypothesis proposed by Golks et al. [51], we have investigated the




2)R45◦-Cl Au(001) at Θ = 1/2. The adsorption
configurations of Auad adsorbed on Cl covered Au(001) are listed in AppendixA.2. Among
the calculated structures Fig. 4.14 (a) depicts the lowest energy configuration. Similarly to
the lowest energy position of Auad on 2 (2 × 2)-Cl Au(001), the Auad is located at bridge site
of the substrate surface in Fig. 4.14 (a). This result does not match the hypothesis proposed
in Ref. [51] based on the diffusion of Auad from a hollow position via a bridge site. In fact, if
the Auad resides at hollow site, the adsorption configuration is energetically unfavorable
by 0.37 eV with respect to the structure in Fig. 4.14 (a). These results will have interesting
consequences on the self-diffusion of Auad on Cl covered surfaces.
In the lowest energy configuration the AuadCl2 complex appears tilted with respect to
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[110] (or [1̄10]) direction of the substrate. Regarding the interatomic distances, the Auad–Cl
bond and Auad–Ausubstrate amount to 2.31 and 2.88 Å in Fig. 4.14 (a), similar values have
been obtained in the case of the 2 (2 × 2)-Cl adlayer [158]. In the local minima configuration
shown in Fig. 4.14 (b), which is energetically unfavorable by 0.08 eV, the AuadCl2 complex is
arranged along the [110] (or [1̄10]) direction with the Auad located close to the top site of












Lowest energy configuration. Energy difference Δ with respect to structure
(a) amounts to: (b) Δ = 0.08 eV, (c) Δ = 0.37 eV. The black squares represent
the 2 (8 × 8) surface unit cell.




2)R45◦-Cl Au(001) as well as the
corresponding atomic geometries are shown in Fig. 4 in Ref. [158]. The diffusion is performed
solely by the Auad and proceeds via top site with an activation barrier of about 0.77 eV.
Similarly to Sec. 4.2.1, the transition state geometry is characterized by a AuCl3-like structure
with Auad–Cl bond distance of 2.37 and 2.61 Å.
Table 4.2.: Comparison of activation barriers act (eV) and variation of dipole moment Δ `
(eÅ) at transition state for Auad on Cl covered (1 × 1)-Au(001) with Θ = 1/2.
Cl Adlayer Mechanism act (eV) Δ ` (eÅ)
2 (2 × 2)
Hopping via hollow 0.44 -0.20
AuadCl2 rotation 0.52 -0.10






2)R45◦ Hoping via top 0.77 -0.09
Up to now, calculations have revealed that the Cl adlayers modifies strongly the adsorption
properties and energies of the Au adsorbed on Au(001), hence the diffusion paths proceeds
in a more complex way as on clean (1 × 1)-Au(001) surface. The main effect of the Cl
specific adsorption is the location of the Auad in the global minimum configuration. The
Auad adsorbs on bridge site of the substrate rather than the hollow site, and forms a complex
67
4. Self-Diffusion of Au Adatom on Cl Covered Au(001) Surface
with the neighboring Cl atoms of the adlayer.
Activation energy barriers and corresponding variation of dipole moments for all diffusion
paths of Auad on Cl covered Au(001) with Θ = 1/2 are summarized in Tab. 4.2. The activation
barriers are larger by about 0.17 eV (or more depending on the mechanism) than the diffusion
barrier of a single Auad on clean surface. Furthermore, we observe that Δ ` for the lowest
energy diffusion path on Cl covered Au(001) surfaces are negative. This would imply an
increase in the energy barrier with the sample potential following Ref. [47], which is not in
agreement with the experiment [50, 57]. A discussion is presented in Sec. 4.5. To explore
further the influence of Cl coverage on activation barriers and variation of dipole moments,
we investigate the adsorption properties and energies of the Au adsorbed on Cl covered
Au(001) in the presence of a Cl vacancy and of an additional Cl atom in Sec. 4.3 and 4.4,
respectively.
4.3. Self-Diffusion of Auad on Cl Covered Au(001) in the
Presence of a Cl Vacancy
Vacancy-mediated surface diffusion has been invoked since the last decades to explain
diffusion of impurity atoms in the surface [263–265] and ripening of adatom islands [266].
Furthermore, recently experiments at electrochemical environment [267] evidenced the
interaction of adsorbates with metal vacancies i.e. vacancy-mediated diffusion underneath
the coadsorbed adlayer. First-principles studies of this interactions are not available in the
literature, but diffusion mechanisms assisted by vacancies in the coadsorbed adlayer have
been investigated within the DFT-framework [48, 268, 269].
Within the potential range of step-flow growth mode [50] Al-Shakran et al. [37] showed
that the Cl coverage increases with a constant slope, this means Cl vacant sites are present
on the surface. Indeed, it is feasible to find a Cl vacancy site next close to a AuadCl2 complex.
Hence, the presence of Cl vacancies was considered, when studying the self-diffusion of Au
adatoms at the electrochemical interface.
The aim is to elucidate the chemical bonding topology of the Auad in the presence of a Cl
vacancy, and its role in the diffusion mechanisms. Therefore, a total of 30 configurations have
been relaxed to local total energy minima. Structures have been inspired by the calculated
adsorption configurations of Auad atΘ = 1/2 presented above, and local minima structures of
Cl adlayer with a vacant site shown in Ref. [158]. The atomic configurations and energies of
Auad adsorbed on Cl covered surfaces in the presence of a Cl vacancy are listed in Appendix
A.2, results have been published in the Supplementary Material of Ref. [158].
The calculations reveal that the potential energy surface exhibits a topology with many
local minima. In case of the 2 (2 × 2)-Cl adlayer the energy of local minima configura-





2)'45◦-Cl adlayer local minima are within a range of 0.34 eV. For both Cl
adlayer reconstructions the lowest energy configurations remain characterized by a Au
adatom adsorbed on bridge site of the substrate binding with two Cl adatoms as depicted





2)'45◦-Cl adlattice site in Fig. 4.15 (d). Interatomic distances and Bader charges
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2)'45◦-Cl (d-f) adlayer reconstructions. Lowest energy configurations are




2)'45◦, respectively. The energy difference
Δ with respect to structure (a) amounts to: (b) Δ = 0.04 eV, (c) Δ = 0.19 eV.
The energy difference Δ with respect to structure (d) amounts to: (e) Δ =
0.06 eV, (f) Δ = 0.29 eV. White circles denote position of the vacancies. In (b)
and (e) an additional circle is shown to highlight the fact that a Cl adatom is
displaced.
of the AuadCl2 do not suffer any appreciable change by the vacant site in the adlayer.
Most of the local minima configurations here considered are characterized by the displace-
ment of either a Cl adatom or AuadCl2 complex. In Fig. 4.15 two local minima for each Cl
adalayer reconstruction are shown, for convenience Cl adatoms are denoted by the number
1, to which we refer as atom 1. Fig. 4.15 (b) depicts a local minimum, in which atom 1 is
displaced to the next bridge site. The displacement increases the energy by 0.04 eV with
respect to the lowest energy configuration. If AuadCl complex adsorbs on hollow site of the
substrate as show in Fig. 4.15 (c), the energy difference Δ  amounts to 0.19 eV with respect
to the lowest energy configuration. This value can be 0.25 eV larger, if the Auad adatom
does not bind to any Cl atom. Similar values of Δ , 0.06 eV for Fig. 4.15 (e) and 0.29 eV for





Altogether, the migration mechanisms will proceeds via subsequent elementary diffu-
sion events involving the Cl vacancy and the AuadCl2 complex separately, resulting in a
complicated walking like motion.
69
4. Self-Diffusion of Au Adatom on Cl Covered Au(001) Surface
4.3.1. Diffusion of Auad on 2 (2 × 2)-Cl Au(001) Surface
Fig. 4.16 and Fig. 4.17 show the atomic geometries corresponding to two diffusion mecha-
nisms for Auad on 2 (2× 2)-Cl Au(001) in the presence of a Cl vacancy, to which we will refer
as Path I and Path II. It should be noted that along each diffusion step the Auad forms the
AuadCl2. We refer to the highest energy barrier along the MEP leading from one configura-
tion to a symmetrically equivalent (and hence iso-energetic). The activation barriers which
govern the transition rates amount to 0.26 and 0.25 eV for Path I and Path II, respectively.
In fact, the activation barriers are about 4 times the diffusion of AuadCl2 complex on clean
surface. Conversely, the lowest diffusion energy barrier for Auad with Θ = 1/2 amounts to
0.44 eV, which is approximately 70% larger than the activation barriers in the presence of
Cl vacant site. Therefore, the main effect of a Cl vacancy is the reduction of the activation
barriers.
Path I leads to a translation of AuadCl2 complex by 2 (lattice constant) along the [1̄00]
direction of the substrate, while with path II AuadCl2 complex is translated by a lattice
constant along the [010] direction of the substrate. With aid of both paths the AuadCl2
complex can move to any adsorption site. It should be noted that path II involves mostly
diffusion steps performed by the neighboring Cl adatoms, see Fig. 4.17. In this way, a Cl
vacant site will be created close to AuadCl2 complex.










2)'45◦-Cl Au(001) in the presence of a Cl vacancy. Similarly to the 2 (2×2) adlayer,
diffusion steps involve the movement of Cl adatoms and AuadCl2 complex, separately. Cl
adatoms that participate in the diffusion mechanism are denoted by numbers in Fig. 4.18.
The activation barrier amounts to 0.35 eV, which is approximately 50% of the energy barrier
at Θ = 1/2. Thus, the reduction of the energy barriers by the presence of a Cl vacant site is
independent of the Cl adlayer.
In Fig. 4.18 the AuadCl2 complex is transported by a lattice constant along [1̄00] direction
of the substrate. Due to the quasi-hexagonal lattice, along some diffusion steps the distance
between Cl adatoms is equivalent to nearest-neighbor Au–Au separation. In this case
the energy will increase substantially by about 0.35 eV with respect to the lowest energy
configuration, and the system will be in an unstable state i.e. transition state.
A further diffusion mechanism is shown in Ref. [158], in which the AuadCl2 complex is
translated by −2 (1/2, 1, 0) with respect the initial position. Each path promotes only one
direction of diffusion separately.
The difference of electric dipole moment at the transition state relative to the adsorption
site comes out negative for all the calculated MEP’s with Θ = 1/2 and containing a Cl
vacancy, see Tab. 4.3. As a consequence, an increase of the energy barrier height with the
sample potential will result from the equation by Giesen et al. in Ref. [47]. In this case the
diffusion of a Auad on a Cl covered Au(001) terrace would not be sufficient to explain the
acceleration of Au island coarsening with the sample potential [57] as well as the transition
between layer-by-layer and step-flow growth mode as a function of sample potential [50].
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Figure 4.16.: Atomic geometries of local minima (LM) configurations along the diffusion
path with the lowest energy barrier for a translation of AuadCl2 complex in
the [1̄00]. Some local minima, which involve elemental diffusion steps of atom
1, have been omitted. In LM3 additional circles are shown to highlight the
displacement of the Cl adatoms from the 2 (2 × 2) lattice sites. In text we refer
to this mechanism as path I.
Alternative explanations for such effects would be to include e.g. the water environment [248,
270–273], the energy barrier for the detachment of Au step [58], and the sample potential
dependency for island nucleation.
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Figure 4.17.: Atomic geometries of local minima configurations along the diffusion path
with the lowest energy barrier for a translation of AuadCl2 complex in the [010].
Some local minima, which involve elemental diffusion steps of atom 1-3, have
been omitted. In text we refer to this mechanism as path II.
Table 4.3.: Comparison of activation barriers act (eV) and variation of dipole moment Δ `
(eÅ) at transition state for Auad on Cl covered (1 × 1)-Au(001) surfaces with
Θ = 1/2 and containing one Cl vacancy and for AuadCl2 on clean (1 × 1)-Au(001)
surface. vacCl refers to one Cl vacancy.
Au(001) surface act (eV) Δ ` (eÅ)
AuadCl2 clean Fig. 4.4 0.07 -0.12
Auad
2 (2 × 2)-Cl
No vacCl Fig. 4.7 0.44 -0.20
vacCl
Fig. 4.16 0.26 -0.08






No vac. Fig. 3 in Ref. [158] 0.77 -0.09
vacCl
Fig. 4.18 0.35 -0.09
Fig. 8 (b) in Ref. [158] 0.34 -0.06
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Figure 4.18.: Atomic geometries of local minima (LM) configurations along the diffusion path
with the lowest energy barrier for a translation of AuadCl2 complex in the [1̄00]
direction of the substrate. Some local minima, which involve elemental diffusion
steps of atoms, have been omitted. Additional circles are shown to highlight




2) lattice sites. An
additional diffusion mechanism, in which the AuadCl2 complex is transported
by −2 (1/2, 1) with an energy barrier of 0.34 eV, is shown in Ref. [158].
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4.4. Self-Diffusion of Auad on Cl Covered Au(001) in the
Presence of an Additional Cl Atom
Complementary to Sections 4.2 and 4.3, we discuss the local binding topology of a Auad
as well as diffusion mechanism on the 2 (2 × 2)-Cl Au(001) surface in the presence of an
additional Cl atom on the adlayer. Analogously to Sec. 4.3, structures have been inspired by
the calculated adsorption configurations of Auad at Θ = 1/2. Structures have been relaxed
to local total energy minima. The atomic configurations and energies of Auad adsorbed on












Figure 4.19.: Ground state total energy configurations for 2 (2× 2)-Cl adlayer reconstruction.
Lowest energy configuration is depicted in (a). The energy difference Δ with
respect to structure (a) amounts to: (b) Δ = 0.11 eV, (c) Δ = 0.38 eV.
The lowest energy configuration is characterized by a Au adatom adsorbed close to the
top site of the substrate binding with two Cl adatoms, which are denoted by 1 and 2 in
Fig. 4.19 (a). In contrast to Sec. 4.2 and 4.3, the AuadCl2 complex is arranged along [1̄10]
direction of the substrate. The difference between the I coordinate of atom 2 relative to
atom 1 amounts to 0.61 Å, this is ascribed to the additional repulsion in atom 2 by the
neighboring Cl adatoms. The Auad–Cl bond lengths amount to 2.30 and 2.25 Åfor atom 1
and 2, respectively. Furthermore, the Bader charges amount to +0.38 e for Auad, -0.40 and
-0.28 e for atom 1 and 2, respectively. These dissimilarities are attributed to their adsorption
positions and I coordinate.
A local minimum configuration is depicted in Fig. 4.19 (b), which is energetically unstable
by 0.11 eV relative to the lowest energy configuration. The Auad is located on bridge site, and
the AuadCl2 complex is arranged along the [110] direction of the substrate. Therefore, the
number of Cl adatoms within a range of a lattice constant relative to Cl atoms of the complex
has increased (6 in total). The distances between atom 1 (or atom 2) to the neighboring Cl
adatoms amount to 3.36 Å (Cl atoms along [1̄10]) and 3.72 Å (Cl atoms along [110]), which
are 20% and 10% smaller than the lattice constant. In Fig. 4.19 (c) the atom 1 is adsorbed on
the top of the Auad rather than on the surface. Therefore, the separations between adatoms
on 2 (2 × 2)-Cl adlayer are only slightly modified by about ∼ 0.04 Å. It should be noted that
without atom 1 the structure corresponds to the lowest energy configuration at Θ = 1/2.
The formation of a T-shaped AuadCl3 complex is energetically unfavorable by 0.38 eV with
respect to the lowest energy configuration. This evidences the preference to form AuadCl2
74
4.4. Self-Diffusion ofAuad onClCoveredAu(001) in the Presence of anAdditionalClAtom
complex and to adsorb a Cl atom on the surface.
4.4.1. Diffusion of Auad on 2 (2 × 2)-Cl Au(001) Surface
As the surface is very crowded by Cl adatoms, the migration of the AuadCl2 complex would
result in high energy barriers. Consequently, the diffusion path will consist on the motion
of Au and neighboring Cl adatoms. The translation of Auad by one lattice constant to
an equivalent neighboring position proceeds via the MEP depicted in Fig. 4.20 with the
corresponding atomic geometries depicted in Fig. 4.21. The highest energy barrier along a
path to an equivalent configuration is considered as the corresponding activation barrier,








Figure 4.20.: Variation of energy Δ E and dipole moment Δ ` along the MEP for a translation
of Auad on 2 (2 × 2)-Cl Au(001) in the presence of an additional Cl adatom. The
MEP is a composition of individual CI-NEB runs connecting local minima.
In Fig. 4.21 the Cl atoms that participate in the diffusion path of Auad are labeled with the
numbers. The diffusion path proceeds as following:
1. the Auad moves toward to the next hollow site, see Initial and LM1 configurations in
Fig. 4.21. The transition state is characterized by a AuadCl3-like structure with a Cl
atom close to the top of Auad. The Au–Cl bond separations amount to 2.57 (atom 1),
2.27 (atom 2) and 2.63 Å (atom 3). Moreover, the difference of I coordinate of atom 2
relative to atom 3 amounts to 2.68 Å. The dipole moment variation at TS1 amounts to
-0.26 eÅ, the negative sign and large absolute value are attributed to the elevation of
atom 2. The energy barrier for this diffusion step amounts to 0.72 eV, similarly barriers
have been obtained in Sec. 4.2.1 and 4.2.2 for MEP’s with a AuadCl3-like structure at
the transition state. In the LM1 configuration the difference of I coordinate of atom 2
relative to atom 3 amounts to 2.04 Å.
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2. From LM1 to LM2 configurations the AuadCl2 complexmoves downward to the surface.
Thus, atoms 4 and 5 are displaced to their next neighboring bridge sites. The energy
barrier for this diffusion step with respect to the lowest energy configuration amounts
to 0.44 eV. At TS2 the difference of I coordinate of atom 2 relative to atom 3 amounts
to 0.61 Å, while at the lowest energy configuration the difference of I coordinate of
atom 2 with respect to atom 1 amounts to the same value. The variation of the dipole
moment at TS2 is about -0.02 eÅ, the small absolute value of Δ ` is ascribed to the
small displacements in I direction of the neighboring Cl adatoms rather than to the
Cl atoms of the complex.
3. The diffusion step between LM2 and LM3 configurations is driven by atom 4 and 5,
while the complex fluctuates around its position. The Cl adatoms move simultaneously
to their next bridge site. The energy barrier amounts to 0.39 eV, and the corresponding
variation of dipole moment is +0.06 eÅ. The variation of dipole moment continues to
decrease, but still positive, to the value of +0.04 eÅ at LM3 configuration. The positive
sign of Δ ` is attributed to the fact that Cl adatoms are closer to the surface than in
the initial state.
4. In the last diffusion step the Auad moves close to the next top site. Similarly to the
first step, the transition state is characterized by a AuadCl3-like structure. However,
here all the Cl adatoms lie on the surface. This explains the fact that the variation
of dipole moment is positive (+0.02 eÅ). The energy barrier amounts to 0.73 eV, only
0.01 eV larger than the first energy barrier which is beyond the accuracy of our DFT
calculations.
By comparison to the diffusion of Auad on 2 (2 × 2)-Cl Au(001) surface with Θ ≤ 1/2, the
activation barrier act of Auad in the presence of an additional Cl atom is significantly large.
The hopping rate AuadCl2 complex in the presence of Cl vacancy (given by ≈ a04−0.264+ /:) )
is roughly eight orders of magnitude higher than in the presence of an additional Cl atom at
room temperature. From Ref. [37] coverages larger than 1/2 occur for electrode potentials
above 0.5 VSCE, which are beyond the potential range of step-flow growth mode investigated
in Ref. [50].
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Figure 4.21.: Atomic geometries of local minima and transition state configurations along
the MEP for a translation of Auad on the 2 (2 × 2)-Cl Au(001) surface in the
presence of an additional Cl atom.
77
4. Self-Diffusion of Au Adatom on Cl Covered Au(001) Surface
4.5. Discussion of Induced Dipole Moments and the Effect of
an Adsorbed Water Layer
The development of an atomistic picture of the surface electrochemical processes is far from
trivial. Its complexity yield on processes occurring at the interface between the electrode
surface and the electrolyte. A computational description should include water molecules as
well as ions, which can be specifically adsorbed or solvated [202, 274–277]. Furthermore, it
is necessary to account the liquid nature and electronic properties of the electrolyte. This
could be achieved by performing ab initio molecular dynamics (AIMD) simulations at room
temperature which require long time-consuming calculations. For example Sakong et al.
have studied the structure of liquid water on Pt(111) surface during 40 ps. AIMD simulations
Ref. [216]. Another difficulty is to simulate the electrode/electrolyte interface under variable
potential bias. There is not a generally accepted constant potential method to quantify this
dependency to date. But there are several schemes [174, 215, 218, 219, 242, 278–280] that
attempt to it.
To gain an impression of the effect of an adsorbed water layer to our system of interest,
in Ref. [158] a static water layer placed on clean Au(001) and on a Cl covered Au(001)
surfaces were calculated disregarding the influence of the electrochemical interface and the
cations from the electrolyte. Complementary to results in Ref. [158], here a discussion of
the adsorption energy per H2O molecule and per water layer, as well as, the polarization












 (=Cl, =H2O) −  (=Cl, 0) − LayerH2O
)
/=H2O. (4.3)
=Cl and =H2O are the number of Cl atoms and water molecules in the SUC, respectively.
 (=Cl, =H2O) corresponds to the total energy of the system containing =Cl atoms, =H2O
molecules and the Au(001) surface. In this equations  (=Cl, 0) has been chosen as reference
energy. If =Cl is equal to zero,  (0, 0) refers to the total energy of the clean Au(001) surface.
Mol.H2O is the total energy of an isolated water molecule. LayerH2O is the total energy of
an isolated water adlayer, atomic positions of the water molecules have been fixed at the
geometries corresponding to  (=Cl, =H2O).
Regarding the polarization effects, one dimensional charge density differences d̃ (I), which
results from the integration over lateral coordinates G and H for each I plane, and the induced
work function change upon water adsorption on clean and 2 (2 × 2)-Cl Au(001) surfaces are
discussed.
4.5.1. Clean Au(001) Surface
The structure of water on metallic electrode surfaces has been intensely investigated [281–
283]. Particularly on (111) metal surfaces previous work by various authors has shown
that the water ice-like adlayer is no stable at room temperature, but it is a good starting
point [181, 284, 285]. Regarding (001) metal surfaces, Yeh and Berkowitz have found a
rectangular water structure on Pt(001) by means of MD simulations with classical potentials
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[286]. Lin and Groß have performed BOMD simulations for the water/Au(001) interface
starting from a rectangular structure on a ? (2 × 2) SUC [287]. They found out that the
rectangular structure on Au(001) is thermodynamically not stable at 140 K. Montoya et al.
have determined an optimal water layer structure on Cu(001) within a ? (4 × 3) SUC by
means of DFT, see Ref. [202] and corresponding supplementary material. The calculated
water layer with Θwater = 2/3 resembles the hexagonal ice-like structure. Furthermore,
Ungerer et al. have found out that the adsorbed H2O molecules tend to form hexagonal
rings on Pt(001) as Θwater increases.
In this work, a single layer of 16 water molecules on a clean surface within a ? (4 × 4)
SUC has been relaxed starting from a rectangular structure as described in Ref. [287]. The
relaxed rectangular water layer is depicted in Fig. 4.22 (a). Water molecules are located on (or
close to) top site and form a zigzag chain. Two inequivalent water molecules are observed,
one with a hydrogen atom pointing to surface, the other with a hydrogen atom above the
oxygen atom. These results have been pointed out in Ref. [287]. A further water adlayer
have been found by introducing a perturbation to rectangular structure. This have been
achieved by placing the rectangular structure on top of a 2 (2 × 2)-Cl Au(001) surface with a
vacant site, which results in a hex-like water adlayer similarly as in Ref. [202]. Two relaxed
hex-like water structures are shown in Fig. 4.22 (b) and (c), which differ by a translation
with respect to each other. It should be noted that water molecules do not have a preferred
orientation. In comparison to the rectangular structure, the hex-like structures are not flat,


















Figure 4.22.: Clean Au(001) surface in contact with a water adlayer. (a) is a rectangular
water layer as calculated by Lin et. Groß [287]. (b) and (c) are hex-like water
adlayers, which are displaced from each other.
Inspection of Tab. 4.4 shows that the lowest adsorption energy Mol.H2Oads corresponds to
the hex-like structure (-0.52 eV), this is attributed to the higher number of H-bonds in the
water layer. In case of the adsorption energy ELayerH2Oads , the values for all here considered
water layers are very similar and in magnitude small. This means that the water layer is
weakly adsorbed to the metal surface.
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Table 4.4.: Water induced work function change ΔΦwith respect to the clean Au(001) surface
and adsorption energies for each water structure depicted in Fig. 4.22.




Fig. 4.22 (a) -0.14 -0.44 -0.03
-0.09 [287] -0.39 [287] -
Fig. 4.22 (b) +0.37 -0.50 -0.02
Fig. 4.22 (c) -0.28 -0.52 -0.05
Figure 4.23.: Charge density difference Δ d̃ (I) for the adsorption of a water layer on a
clean Au(001) surface. The blue, red and black lines correspond to Fig. 4.22 (a),
Fig. 4.22 (b) and Fig. 4.22 (c) respectively. The grey area represents the Au surface.
Vertical lines represent the smallest (dashed) and largest (straight) I coordinate
of oxygen atoms for each surface.
Regarding polarization effects, the induced work function amounts to +0.37 eV for
Fig. 4.22 (b) and -0.28 eV for Fig. 4.22 (c). As a first sight, one would expect the same
value because both structures are similar. In order to understand the electronic origin
of this discrepancy, the water-induced charge density differences are shown in Fig. 4.23. In
case of water adlayers from Fig. 4.22 (a),(c), the charge transfer is more pronounced than
for Fig. 4.22 (b). Furthermore, the local charge rearrangement has shown that the water
molecules from Fig. 4.22 (c) are more polarized than Fig. 4.22 (b). This charge rearrange-
ment could be a consequence of the variation of I e.g. and the high polarizability of water
molecules. For example in Fig. 4.22 (c) atom 3 is closer to the Au surface by 0.58 Årelative to
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its position in Fig. 4.22 (b).
4.5.2. 2 (2 × 2)-Cl Au(001) Surface
To the best of our knowledge, there are no studies addressing the structure of the water
layer in contact with Cl coadsorbed surfaces. But recently Ab initio MD-Simulations of Pt
slab in contact with NaCl aqueous electrolyte performed by Khatib et al. [178] have observed
that interfacial water is arranged in hexagonal and pentagonal water rings, which have a








Figure 4.24.: 2 (2× 2)-Cl Au(001) surface in contact with a water adlayer. (c) is a rectangular
water layer as shown in Ref. [287]. (b) and (c) are hex-like water adlayers similar
to the ones calculated on clean Au(001) surface. (d) is a H-down oriented water
layer as calculated in the literature [274–277]. (e) is a H-up oriented water
adlayer. In all calculations the effect of cations has been neglected. Black
squares represent the surface unit cell of the calculations.
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To gain an impression of the static water structure four structures have been calculated on
the 2 (2 × 2)-Cl Au(001) surface, see Fig. 4.24. A rectangular water structure from Ref. [287]
has been ionically relaxed within a ? (2×2) SUC.The hex-like structures have been simulated
within a ? (4 × 4) SUC. The H-down and H-up water structures, Fig. 4.24 (d) and (e), have
been simulated within a 2 (2 × 2) SUC following the work by Keller et al. [288]. During the
subsequent relaxation, the Cl atoms and the Au atoms in the outermost four of the layers
as well as the H and O atoms of the water molecules were allowed to move. In case of
H-up and H-down structures, the motion of water molecules have been restricted to an axis
perpendicular to the surface.
Table 4.5.: Water induced work function change ΔΦwith respect to the fully covered 2 (2×2)-
Cl/Au(001) surface and adsorption energies for each water structure depicted in
Fig. 4.24.
H2O structure ΔΦ (eV) Mol.H2Oads (eV) 
LayerH2O
ads (eV)
2 (2 × 2)-Cl+H2O/Au(001)
Fig. 4.24 (a) 0.06 -0.42 -0.02
Fig. 4.24 (b) 0.61 -0.48 -0.01
Fig. 4.24 (c) 0.34 -0.49 -0.01
Fig. 4.24 (d) 2.83 +0.43 -0.09
Fig. 4.24 (e) -4.21 +0.50 -0.01
In Tab. 4.5 the adsorption energy Mol.H2Oads for the hex-like structure present the lowest
value (-0.49 eV) among the water adlayers here considered. In comparison to the clean
surface the water molecules adsorb less strongly to the Cl covered Au(001) surface. The
water-oriented molecules do not adsorb, the structures obtained from the calculations are
highly artificial. The adsorption energy LayerH2Oads for Fig. 4.24 (a)-(c) are very small (≈0.01
eV), this is ascribed to the low charge transfer between the water and Cl adlayers in Fig. 4.25.
Conversely, the H-down water structure present a strong charge rearrangement in the
region between the water molecules and the Cl adlayer in Fig. 4.25. Therefore, H-down
structure has a large LayerH2Oads (-0.09 eV). This could be attributed to interaction between Cl
and H atoms, which is supported by the fixed lateral coordinates of the water molecules.
The effect of temperature and cations on water/Cl covered Au surface is still an open
question. Whether water molecules would prefer an orientation cannot be answered from
our calculations. But in the water/metal interface many authors have reported that there is
no preferential orientation of water molecules in the interface [216, 217, 284]. Therefore,
H-down structure as shown Fig. 4.24 (d) or (e) is not expected to occurred.
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Figure 4.25.: Charge density difference Δ d̄ (I) for the adsorption of a water layer on a
2 (2 × 2)-Cl Au(001) surface. The gray area represents the Au surface, while the
gray vertical line indicates the position of the Cl adlayer. Remaining vertical
lines represent the smallest (dashed) and largest (straight) I coordinate of
oxygen atoms for each surface.
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The atomic-scale mechanism of self-diffusion on coinage metal surfaces has been investigated by density functional theory calculations before.
However, the detailed role of the co-adsorbed anions and of the electrochemical interface is not yet fully understood. We present diffusion




2)R45○-Cl Au(001) surfaces. In the case of the fully Cl covered Au(001) surfaces, the
diffusion energy barriers are ≥0.44 eV. In the presence of a neighboring Cl vacancy, the diffusion barriers are drastically reduced to about half
of the value for the fully Cl covered surface. Thus, Au self-diffusion is promoted by Cl vacancies. A first estimate for the effect of water on
the diffusion energy barrier of the Cl vacancy is derived by calculating the interaction of configurations along the diffusion path with a water
layer.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5113965., s
I. INTRODUCTION
Processes at solid-electrolyte interfaces are affected by coad-
sorbed ions.1–6 In particular, anions as halides form strongly
chemisorbed adlayers at coinage metal surfaces7 and can mod-
ify interface reactions, for example the reactivity and selectivity of
electrocatalytic reactions8 and nucleation and growth.9,10 Recently,
experimental results by Rahn et al.11 have shown that the chemi-
cal nature of these species can entirely determine the microscopic
dynamic behavior of adatom surface diffusion.
Particularly, for the Au(001)-electrolyte interface, the number
of monolayer islands created by the (hex) → (1 × 1) transition of
the Au substrate has been investigated in electrochemical anneal-
ing studies.12–15 The number of islands decreases, while their size
increases with time via a two-dimensional Ostwald ripening pro-
cess. Using electrochemical STM in chloride containing electrolytes
as well as sulfuric acid solution, Giesen and co-workers13–15 have
studied the coarsening of the Au islands on Au(001) as a function
of electrode potential. The decay of an island requires the disso-
ciation of an Au atom from a kink site in the island edge and
the diffusion of atoms on the terrace.15 Giesen et al. have con-
cluded that the coarsening of the Au islands is diffusion-limited. The
decay rate increases exponentially with the sample potential, with
rates for chloride containing electrolyte being larger than for sul-
fate containing electrolytes. Thus, chloride is assumed to enhance
mobility.
Moreover, by means of surface X-ray scattering (SXS)9,16 exper-
iments at the interface between a Au(001) electrode and a Cl− con-
taining electrolyte, Krug et al. have quantitatively investigated the
dependence of the growth mode on electrode potential and Au-
concentration in the electrolyte. Transitions from 3D to layer-by-
layer and finally to step-flow growth mode have been observed
with increasing sample potential. This has been ascribed to an
increase in Au surface mobility with sample potential.9 The transi-
tion between the step flow-mode and layer-by-layer growth mode
depends on how fast the adatom diffuses on the terraces. How-
ever, also other quantities such as the dependence of the binding
properties of the critical nucleus on sample potential may play a
role.
To contribute to the understanding of processes at the Au(001)-
electrolyte interface, information at the atomic-scale is crucial. How-
ever, the detailed microscopic mechanisms of electrodeposition and
the role of the halide adsorbates at the interface at high cover-
age are still not clarified. The diffusion of Au adatoms and AuadCl
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without the influence of further co-adsorbates has been studied in
Refs. 17–19. Müller and Ibach18 have calculated activation energies
and variation of dipole moment of adatoms migrating on coinage
metal surfaces. Specifically, they have analyzed the reaction path
involved in the dissociation of an atom from a kink site in a step,
which finally results in the diffusion of the atom on the terrace. In
Ref. 20, Pötting et al. have presented a detailed study of self-diffusion
mechanisms on perfect and imperfect Au(001) surfaces. Similarly
to Ref. 20, Mesgar et al.19,21 have investigated the diffusion of an
AuadCl complex on clean and stepped Au(001) surfaces. Addition-
ally, in Ref. 21, a diffusion path of a AuadCl2 complex on a Cl covered
Au(001) surface is proposed for Cl coverage Θ = 1/2. The corre-
sponding diffusion energy barrier amounts to 0.68 eV.21 Altogether,
however, detailed information on the lowest energy configurations,
such as the atomic and electronic structure, the diffusion paths, and
the variation of the dipole moment along the diffusion paths for the
Cl covered surface is still scarce.
Our aim is to reveal the local binding topology of an Au adatom
on a Cl covered Au(001) surface at chlorine coverage Θ = 1/2
and to discuss the relevant diffusion mechanisms with and with-
out a nearest-neighbor chlorine vacancy. We refer to the poten-
tial range of step-flow growth mode where the unreconstructed
(1 × 1) Au(001) substrate is stable.9 Computational details are
described in Sec. II. We start with the diffusion of a AuadCl2 com-
plex on the clean Au(001) surface and compare it to the literature in
Sec. III A. In Sec. III B, we address the local binding topology around
the Au adatom at high Cl coverage (Θ = 1/2), and the correspond-
ing lowest energy diffusion mechanisms are presented. Both adlayer





which have been observed in STM experiments under electrochem-
ical conditions.22,23 In view of the experimental data for the surface
coverage of specifically adsorbed chlorine on Au(001) as a function
of sample potential, the presence of Cl vacancies has to be accounted
for24. In Sec. III C, we present the Cl vacancy diffusion paths for
both Cl adlayers. Furthermore, in Sec. III D, we calculate the diffu-
sion mechanisms of a Au adatom involving a nearest-neighbor Cl
vacancy on the Cl covered Au(001) surfaces. Finally, we present a
rough estimate to quantify the change in energy barrier and dipole
moment in the case of the diffusion of a Cl vacancy in contact with a
water layer.
II. COMPUTATIONAL DETAILS
Periodic density functional theory (DFT) calculations have
been performed using PWscf from the Quantum ESPRESSO pack-
age.25,26 The generalized gradient approximation by Perdew, Burke,
and Ernzerhof (PBE-GGA)27 is applied to the exchange correlation
functional. The halogens and metal atoms are represented by ultra-
soft pseudopotentials28 from the open-source GBRV library.29 The
Au(001) surfaces were simulated by a slab geometry with 4 or 6
metal layers. Adsorbed atoms were on one side. The Au atoms in the
two lowermost layers were fixed at their ideal bulk positions, and the
remaining Au layers and the adsorbate layer were allowed to relax. In
all calculations, the unreconstructed Au(001) (1 × 1) substrate was
assumed. The slabs were separated by a vacuum region with a thick-
ness of about 13 Å. With regard to the different work functions of the
top and bottom surface of the slab, a dipole correction30,31 has been
used. Dipole moment changes along the reaction paths have been
derived from the dipole moments as calculated by PWscf. Geome-
try optimizations have been carried through at a plane-wave cutoff
energy of 30 Ry until the Hellmann-Feynman forces acting on the
relaxed atoms became smaller than 5 meV/Å. For the Brillouin zone
integration, we have used a (4 × 4 × 1) Monkhorst-Pack grid of spe-
cial k-points32 for the p(4 × 4) surface unit cell and a (3 × 3 × 1) grid
for the p(6 × 6) and for the c(8 × 8) surface unit cells. The Cl cov-
erage is defined as the ratio of the number of adsorbed Cl adatoms
to the number of gold surface atoms of the unreconstructed Au(001)
surface.
Minimum energy paths and diffusion barriers have been deter-
mined with the climbing image nudged elastic band (CI-NEB)
method33–35 with a plane-wave cutoff energy of 30 Ry. Where
applicable, additional paths have been obtained by application of
suitable symmetry operations to already calculated NEB paths. In
order to explore the potential energy surface (PES) of chlorine-
covered Au surfaces, ab initio metadynamic simulation on the
Born-Oppenheimer (BOMD) surface has been carried out using
the PLUMED36 plugin with PWscf at a reduced cutoff energy of
25 Ry.
Detailed convergence tests are presented in the supplementary
material. Roughly, the accuracy of energy differences along the dif-
fusion path is estimated to be about 40 meV, and in the case of the
induced dipole moments, the accuracy is between 10 and 20 meÅ.
III. RESULTS AND DISCUSSION
A. Diffusion of AuadCl2 complex on Au(001)
without Cl coadsorbate
The specific adsorption of chloride anions on a Au surface
modifies the diffusion barriers.37 Moreover, on Cl covered Au(111),
a AuadCl2 complex has been observed at chlorine coverage slightly
above 0.33 ML in low-temperature STM images by Andryushechkin
et al.38 Thus, the gold halide complexes may act as the diffusion
species on Cl covered Au(001).
As a very first step, we discuss the diffusion of the AuadCl2
complex on clean unreconstructed Au(001) and compare it to the
literature.19,21 In agreement with previous authors, the adsorption
site of the AuadCl2 complex on Au(001) is the bridge site, with the
Cl atoms pointing toward neighboring bridge sites; see Fig. 1. This
is in contrast to the Au adatom and the AuadCl complex on Au(001)
which are known to adsorb at the hollow site.18–20,39 Figure 1 shows
three diffusion paths for the AuadCl2 complex. The lowest activation
barrier corresponds to path C and amounts to 70 meV. The activa-
tion energy of AuadCl2 thus corresponds to only 11% of the hopping
diffusion via bridge of Auad on the clean unreconstructed Au(001)
surface and 17% of the exchange diffusion process.19,20,39 It should
be noted that the AuadCl2 complex can diffuse to any adsorption site
via paths of type C, while paths A and B promote only one direction
of diffusion separately.
In Table I, we summarize our results for AuadCl2 complex dif-
fusion and compare them to the literature. Activation barriers and
the corresponding variation of dipole moment for paths A and B
are in good agreement with Ref. 21. With respect to the variation of
dipole moment Δμ at the transition state, the three proposed mech-
anisms are characterized by a negative Δμ. This is ascribed to the
elevated position of the Cl relative to Auad along the path. In fact,
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FIG. 1. Top: Diffusion paths for the AuadCl2 complex on the clean Au(001) sur-
face. Calculations were carried out with 4 layer slabs. Bottom: Variation of the
energy along the diffusion path, with the adsorption minimum (bridge site) taken
as reference. Along path C, a local minimum (denoted by an arrow) is encountered
when the Au adatom resides at a hollow site of the substrate lattice. The first half
of path C (initial to hollow site) has been calculated, while the second half has
been obtained by applying a rotation by 180○ around an axis perpendicular to the
surface through the respective hollow site.
the diffusion of a single Au adatom via exchange has also a negative
Δμ,18,21 a sign opposite to the case of Au adatom diffusion via bridge
calculated by Refs. 18 and 21.
Regarding the stability of the AuadCl2 complex on the other-
wise clean unreconstructed Au(001) surface, we note that the energy
is lowered by 0.15 eV if two Cl atoms dissociate from the AuadCl2
complex and adsorb separately on the otherwise clean surface. This
result is in agreement with the result of Mesgar,21 who has already
pointed out this fact. Furthermore, consistent with this work, the
AuadCl complex is energetically preferable as long as the transition
to the hex-reconstructed substrate is not considered. However, the
AuadCl2 complex becomes the most stable local Cl adsorption struc-
ture of Auad for the range of the more positive chemical potentials
considered in this work. The effect of the specifically coadsorbed Cl
atoms will be accounted for in the DFT calculations presented in
Secs. III B and III D.
B. Self-diffusion of Auad on Cl covered Au(001)
The sample potential range where the Au substrate is unre-
constructed (1 × 1) overlaps with the potential range where the
TABLE I. Comparison with theoretical studies by Mesgar21 of diffusion barriers ΔE
(eV) and variation of dipole moment Δμ (eÅ) at the transition state for AuadCl2 dif-
fusion on the clean Au(001) surface. High symmetry sites are denoted as t: top,
b: bridge, h: hollow. e denotes the absolute value of the electron charge.
ΔE (eV) Δμ (eÅ)
Pathway Fig. 1 This work Ref. 21 This work Ref. 21
b→ t→ b A 0.11 0.15 −0.07 −0.10
b→ h→ b B 0.23 0.18 −0.05 −0.17
C 0.07 . . . −0.12 . . .
FIG. 2. Structure model of the metal/halide interface of Au(001). (a) c(2 × 2)-Cl





coverage Θ = 1/2 as described in Ref. 23. (b) is a centered reconstruction with
respect to the adlayer but not to the substrate.





2)R45○-Cl has been found in experiment.23 Figure 2
schematically shows the two experimentally observed Cl adlayer
reconstructions. The schematic model proposed for the c(2 × 2)-Cl
adlayer in Ref. 22 differs from the DFT equilibrium structure with
respect to the Cl adsorption sites, which is the Au–bridge site in the
case of DFT,19 as shown in Fig. 2.
Our DFT calculations have shown that the adsorption energy
of Cl with respect to an isolated Cl2 molecule amounts to −1.08 eV





The small difference between the energies is below the accuracy of
our DFT calculations. Thus, both reconstructions will be considered.
Now the questions come across: what is the structure and chlorine
chemical bonding near Auad on both Cl covered Au(001) surfaces?
How does Auad diffuse in case of both Cl adlayer reconstructions? To
answer the first question, we have first relaxed configurations chosen
by chemical intuition. Furthermore, a set of local adsorption config-
urations were investigated with metadynamic-BOMD and BOMD
simulations at finite temperature, where intermediate configurations
were ionically relaxed. Different adsorption configurations are listed
in the supplementary material.





ers with Θ = 1/2, the AuadCl2 complex has turned out to be the most
stable structure. It is adsorbed on the bridge site; see Figs. 3 and 4.
This differs from a previous suggestion in Ref. 10 and influences the
argumentation for the potential dependence of Au self-diffusion on
the Au(001) surface in the electrochemical environment.
Experimental observations of the AuadCl2 complex on Cl cov-
ered Au(001) is not known to us, but a low-temperature STM study
by Andryushechkin et al.38 on Au(111) has demonstrated that after




3)R30○-Cl adlayer, the nucleation of
AuadCl2 complex takes place. Moreover, DFT calculations in Ref. 38
have confirmed that the Au atom from the AuadCl2 complex occu-
pies the bridge site, with the Cl atoms on-top positions on Au(111).
In Table II, we compare the interatomic distances of the AuadCl2
complex on clean and Cl covered Au(001) surfaces. Inspection of
Table II shows that the Auad–Clc bond lengths of the AuadCl2 com-
plex on clean Au(001) and Cl covered Au surfaces do not differ
significantly. Another important feature is the distance between the
AuadCl2 complex and the substrate. Table II shows the distances of
Auad and Clc to the substrate Aus separately. The Auad–Aus separa-
tion varies only slightly; this is attributed to the fact that the adsorp-
tion site is the same for clean Au(001) and Cl covered Au surfaces.
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FIG. 3. Initial and final position for the diffusion of Auad on a completely c(2 × 2)-Cl
covered Au(001) surface as well as the intermediate configurations for the rota-
tion mechanism (a) and hopping via hollow (b). Along the paths, local minima are
encountered; they are denoted as LM, and the transition states are denoted as
TS. The thickness of the Au slab is 4 layers. The squares represent the p(6 × 6)
surface unit cell used in the calculation. The diffusion path is indicated schemati-
cally by arrows. The variation of the energy along the diffusion paths is shown for
paths (a) and (b). Diamonds represent the calculated configurations; the line is an
interpolation of energies along the diffusion path. Parts of the paths are derived
from symmetry operations.
The Clc–Aus separation for the clean Au(001) represents the larger
variation, as to be expected.
To quantify the charge transfer from the surface to the adsor-
bates, we have applied Bader’s analysis41 using the program by the
Henkelman group.42–45 The charges of the chlorine atoms in the





Au(001) surface via top site. Calculations were carried out with slabs containing
4 layers Au. Bottom: The variation of energy along the diffusion path. Diamonds
represent the calculated configurations along the diffusion path.
AuadCl2 complex are equal to −0.35 e, while the charge on the
chemisorbed Cl atoms on Au(001) without Auad is −0.39 e. These
values are consistent with the ones reported for Cl/Au(111) by Gao
et al.46 and by Andryushechkin et al.38 Analogously to the findings
for the AuadCl2 complex on Au(111) in Ref. 38, the gold adatom
Auad is positively charged with +0.39 e independent of the Cl adlayer.
In contrast to Auad, the gold atoms of the first layer carry charges
between +0.10 e and +0.15 e. This difference indicates that Auad
from the AuadCl2 complex and the gold atoms of the substrate have
different ionicity.
To this point, we have analyzed the adsorption configura-
tions with minimum energy for both Cl adlayers. In Secs. III B 1
and III B 2, we present the diffusion paths with lowest energy
barriers.
1. Auad/c(2 × 2)-Cl Au(001)
Primarily, for c(2 × 2)-Cl Au(001), we found two mechanisms:
a rotation and hopping via hollow. The first mechanism is based
on a rotation of the AuadCl2 complex and the neighboring Clad;
see Fig. 3. As a first step, the chlorine adatoms move consecutively
to the next bridge sites as in the intermediate configuration. Then,
the AuadCl2 complex rotates. During the rotation, the charge of the
atoms of the AuadCl2 complex remains approximately the same, as
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TABLE II. Interatomic distances for the AuadCl2 complex on clean and Cl covered Au surfaces. Auad: gold adatom, Aus:
gold atom from the substrate, Clc: chlorine from the AuadCl2 complex, Clad: chlorine atom from the Cl adlayer. Schwerdtfeger
et al.40 have calculated the Au–Cl bond distance for the AuadCl−2 complex, which amounts to 2.34 Å. All data for Au(111)
are from Ref. 38.
Interatomic distance (Å)
This work Au(111)38









Clean No vacancy Cl vacancy No vacancy Cl vacancy
(Fig. 1) (Fig. 2) (Fig. 7) (Fig. 3) (Fig. 8) [Fig. 5(c) in Ref. 38]
Auad–Clc 2.31 2.31 2.31 2.31 2.31 2.30
Clc–Aus 3.00 2.67 2.66 2.67 2.67 2.65
Auad–Aus 2.84 2.88 2.88 2.88 2.87 2.94
well as the bond length between Auad–Clc. In the hopping process,
the AuadCl2 complex dissociates to AuadCl + Clad. The remaining Cl
adatom stays at the bridge site on the surface and Auad moves to the
hollow site. In contrast to the AuadCl2 complex, the charge of Auad
from AuadCl is +0.22, close to the Au atoms of the substrate. Two
further diffusion paths, one corresponding to an exchange process,
where Auad exchanges with a first layer Au atom, and another one
with a hopping from the bridge site to the nearest bridge site, turned
out to have unfavorable energy barriers.
Energy variations ΔE along the reaction paths are shown in
Fig. 3. Path b, hopping via hollow, has the lowest activation energy
for diffusion. The transition state along this path corresponds to the
AuadCl2 dissociation. The barrier amounts to 0.44 eV. Our diffu-
sion energy barrier is lower by 0.25 eV than the energy barrier of
the diffusion path proposed in Ref. 21 at a Cl coverage Θ = 1/2.
Both our [Fig. 3(b)] and Mesgar’s diffusion path (Fig. 5.14 in Ref. 21)
proceed via an intermediate AuCl complex; however, the Cl atoms
mainly participating in the process are not lined up along a line in
the [110]-direction in our case.
The variation of the dipole moment at the transition state via
hollow is strongly negative, −0.19 eÅ, due to the elevation of the neg-
atively charged Cl along the reaction path. According to the formula
by Giesen et al.,14 a diffusion path with a negative Δμ would imply
an increase in the energy barrier with the sample voltage.
2. Auad/c(
√
2 × 2√2)R45○-Cl Au(001)




2)R45○-Cl at Θ = 1/2, the rotation
path is energetically unfavorable. This is ascribed to the Coulomb
repulsion between the halides.
The diffusion mechanism we found proceeds via a top site;
see Fig. 4. Along the diffusion path, a Cl adatom attaches to the
AuadCl2 complex and, as a result, a AuadCl3-like transition struc-
ture is formed. The variation of energy along the path is shown in
Fig. 4. The large increase in energy corresponds to the formation of
the AuadCl3-like structures and amounts to 0.64 and 0.77 eV. Simi-
larly, a structural model of AuadCl3 was theoretically predicted on
Cl covered Au(111) in Ref. 38. Andryushechkin et al. found that
AuadCl3 is less energetically favorable than AuadCl2, similar to our
results. However, we note that in our case, the AuadCl3 complex lies
with all Cl atoms on the surface, which differs from the structure
found in Ref. 38 in the case of the Au(111) substrate where one of
the Cl atoms is on top of Auad. In our calculations, at the transition
state, the charge of Auad amounts to +0.39 e similar to the AuadCl2
complex.
Along the diffusion path, the variation of the dipole moment
Δμ is negative, which would imply an increase in the energy barrier
with the sample potential, the same as for Auad/c(2× 2)-Cl Au(001).
C. Cl vacancy diffusion
Experimental data on the surface chloride coverage as a func-
tion of the sample potential have been reported by Al-Shakran
et al.24,47 The surface coverage increases steeply in the sample poten-
tial regime roughly from 0.1 to 0.4 V vs SCE. At more positive poten-
tials, the coverage attains a quasiplateau. The potential range where
the Cl− coverage increases steeply overlaps with the potential range
of growth experiments by Krug et al.9 Thus, vacancies are present on
the surface in this experiment and have to be considered when study-
ing the self-diffusion of Au adatoms at the electrochemical interface.
As a first step, we discuss the diffusion paths for a Cl vacancy site on
Cl covered Au(001) surfaces in Secs. III C 1 and III C 2.
1. Cl vacancy/c(2 × 2)-Cl Au(001)
The atomic geometry of a Cl vacancy in the c(2 × 2)-Cl adlayer
on Au(001) is depicted in Fig. 5 (denoted as initial state there).
The Cl vacancy perturbs the halide adlayer. The charges of the Cl
adatoms range from −0.36 e to −0.39 e, as compared to −0.38 e in
case of the Cl adlayer without defect. This can be compared to the
Bader charge of Cl at low coverages of −0.41 e. The difference is
ascribed to halide-halide interactions. The difference between the z
coordinate of the Cl adatoms on the surface relative to the z coordi-
nate of Cl adatom on the surface with a vacancy varies from −0.05 Å
to +0.05 Å and is correlated with the variation of the charge. The for-
mation energy of a Cl vacancy with respect to a c(2 × 2)-Cl with no
defect and half the energy of the Cl2 molecule amounts to +0.96 eV.
The sign implies the cost of energy.
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FIG. 5. Top: Atomic geometry of the c(2 × 2)-Cl adlayer with a vacant site (dotted
circle) in a (6 × 6) SUC. The diffusion path of a Cl adatom hopping from the bridge
site to a vacant site is denoted by a line. Along the path, a local minima (LM)
occurs, corresponding to the intermediate configuration. The thickness of the Au
slab is 6 layers. Bottom: Variation of energy along the diffusion path. The arrow
denotes LM. Diamonds represent calculated configurations.
Figure 5 shows the diffusion path of a Cl vacancy and the vari-
ation of energy along the path. The activation energy barrier along
the diffusion path amounts to 0.18 eV, comparable to the diffusion
barrier of a single Cl adatom. The dipole moment variation Δμ along
the diffusion path is negative and amounts to −6 meÅ. We note that
for the single Cl adatom, Δμ is positive, which correlates with the
negative Δz along the diffusion path. The negative sign of Δμ in the
case of the Cl vacancy diffusion is unexpected at first glance because
also in the case of the c(2 × 2)-Cl with a Cl vacancy, the diffusing
Cl adatom comes closer to the Au substrate at the transition state.
In comparison with the single Cl adatom diffusion, the variation of
z coordinate at the transition state is smaller. The subtle negative
value of Δμ is ascribed to the variation of the z coordinates of the
surrounding Cl adatoms, which also contributes to Δμ.
2. Cl vacancy/c(√2 × 2√2)R45○-Cl Au(001)





Cl adlayer on Au(001) is shown in Fig. 6. There are two inequiv-
alent neighboring Cl adatoms close to the Cl vacancy site. There-




2)R45○-Cl adlayer, there are
two inequivalent diffusion paths that lead to vacancy hopping in
two inequivalent directions. Path I is energetically comparable to
the diffusion of a single Cl adatom. However, along path II, the
energy barrier increases to 0.29 eV, and the dipole moment dif-
ferences along the path vary between 0 and −80 meÅ. The higher
value of the energy barrier is ascribed to the repulsive interaction
between the Cl adatoms and the change in the properties of the Au–
Cl bond. The charge of the diffusing Cl adatom amounts to −0.38 e,
and the corresponding variation of its z coordinate amounts to
0.16 Å.
Table III summarizes the results of energy barriers and the cor-
responding variations of the dipole moment for both Cl adlayers and
compares to the diffusion of a single Cl atom on an unreconstructed
Au(001) surface.





2)R45○-Cl adlayer. (a) Path I and (b) path II. The figure shows the atomic




2)R45○-Cl with a vacant site (dotted circle) in c(8
× 8) SUC. The Au slab contains 6 layers. The variation of energy along the diffu-
sion path for (a) and (b) is shown. Diamonds represent calculated configurations
along the diffusion path.
D. Self-diffusion of Auad on Cl covered Au(001)
with a Cl vacancy
Following the reasoning given above, diffusion paths for the
AuadCl2 complex in the presence of a nearest-neighbor Cl vacancy
have been investigated. For both Cl adlayer reconstructions, the
adsorption configuration with the lowest energy is still characterized
by a AuadCl2 complex adsorbed at the bridge site; see Figs. 7 and 8.
TABLE III. Comparison of diffusion barriers ΔE (eV) and variation of dipole moment
Δμ (eÅ) at the transition state for the diffusion of a single Cl on clean Au(001) and Cl






Clean c(2 × 2)-Cl Path I Path II
ΔE (eV) 0.14 0.18 0.15 0.29
Δμ (meÅ) +13 −6 −10 −65
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FIG. 7. Initial and final position for the diffusion of Auad on a c(2 × 2)-Cl covered
Au(001) surface with a Cl vacancy in the immediate neighborhood of the AuadCl2
complex. Intermediate configurations for the rotation path (a) and the translation
path (b) of the AuadCl2 complex are shown. The Au slabs contain 4 layers. The vari-
ation of energy along the diffusion path is displayed for paths (a) and (b). Diamonds
represent calculated configurations.





Au(001) surface containing a Cl vacancy. Intermediate configurations for path I (a)
and path II (b) are shown. The Au slabs contain 4 layers. The variation of energy
along the diffusion path is displayed for paths (a) and (b). Diamonds represent
calculated configurations.
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2)R45○-Cl adlayer reconstruction, the
lowest energy configuration contains a Cl adatom which is not occu-





tice but is displaced by half a lattice constant. Hence, the position
of the Cl vacancy is no longer well defined, e.g., compare initial
and LM1 configurations in Fig. 8. Despite the presence of the Cl
vacancy, neither the interatomic distances of the AuadCl2 complex
nor the corresponding Bader charges suffer any appreciable change;
see Table II.
The diffusion paths in the presence of a nearest-neighbor halo-
gen vacancy are characterized by elementary diffusion steps involv-
ing the Cl vacancy and the AuadCl2 complex separately. Inevitably,
this leads to longer diffusion paths, and along them many local min-
ima (LM) are encountered. In fact, the diffusion energy barriers are
similar to the diffusion energy barriers of the elementary step of a
single Cl vacancy. Hence, the diffusion mechanisms mediated by
a Cl vacancy have energy barriers which are approximately only
half as large as those corresponding to diffusion paths without a
vacancy.
1. Auad/c(2 × 2)-Cl Au(001) with a Cl vacancy
To reach an arbitrary adsorption site, two mechanisms are pro-
posed: path I, characterized by the rotation of the AuadCl2 complex,
and path II, characterized by the translation of AuadCl2. In both
mechanisms, the diffusion is accompanied by displacements of the
Cl vacancy; see Figs. 7(a) and 7(b).
The first mechanism (Fig. 7) starts with a combined rotation
and translation of the AuadCl2 complex. Along this process, the
Bader charges and bond length of AuadCl2 undergo only minimal
changes. The corresponding energy barrier, from initial to LM1 con-
figurations, amounts to 0.20 eV. Then, the neighboring Cl adatom,
denoted with the number 1 in Fig. 7(a), moves to the vacant site
(LM1 to LM3), similar to the diffusion steps in Sec. III C. After this,
another rotation is performed leading from the LM3 configuration
to the LM5 configuration. It should be noted that there is a mirror
symmetry that maps LM4 to itself and LM5 to LM3 as well LM2 to
LM6. Consecutively, the Cl atom moves to the neighboring vacant
site. At the end, the AuadCl2 complex is translated by a lattice con-
stant in the [−100] direction of the Au substrate with respect the
initial position. The largest activation energy barrier corresponds to
the transition state between LM3 and LM4 and amounts to 0.26 eV
with respect to the initial configuration.
The second mechanism is mainly composed of consecutive dif-
fusion steps of the Cl vacancy, as seen in Fig. 7(b). From LM2 to LM4
configuration, the AuadCl2 complex moves in the [010] direction of
the substrate, with an energy barrier comparable to the diffusion
of a single AuadCl2 complex on the clean Au(001) surface (Fig. 1).
With this diffusion path, the AuadCl2 complex is translated by a lat-
tice constant in the [010] direction of the Au substrate. The overall
largest energy barrier amounts to 0.25 eV.
For both mechanisms, the variation of dipole moment at the
transition state amounts to −0.08 eÅ and −0.02 eÅ, respectively.
2. Auad/c(
√
2 × 2√2)R45○-Cl Au(001) with a Cl vacancy
Figure 8 displays two diffusion mechanisms that in combina-
tion can transport the AuadCl2 complex to any other adsorption
site. Similar to c(2 × 2), also here the diffusion consists of AuadCl2
and Cl vacancy diffusion steps separately. Along the proposed dif-
fusion paths, the ionicities and geometric properties of the AuadCl2
complex remain without significant change.
With the first mechanism, the AuadCl2 complex is translated by
a lattice constant in the [−100] direction of the Au substrate with
respect the initial configuration, see Fig. 8(a), where the translation
itself occurs between the LM3 configuration and the LM5 config-
uration with small variation of the total energy. Similar to the Cl
vacancy diffusion in Sec. III C, the activation energy barrier amounts
to 0.35 eV and corresponds to the diffusion of a Cl adatom to a
vacancy site (from LM1 to LM2). The Bader charge of the diffusing
Cl adatom is about −0.39 e and is the largest among the Cl adatoms.
With the second path, the complex is transported by c(−12 , 1) on
the Au substrate; see Fig. 8(b). Interestingly, the activation energy
barrier also corresponds to the diffusion of a Cl adatom to a vacant
site (from LM4 to LM5) and amounts to 0.34 eV. As to be expected,
from this observation for both mechanisms, the variation of dipole
moment Δμ is negative and consistent with the results for path II in
Fig. 6.
E. Discussion of induced dipole moments
and the effect of an adsorbed water layer
The difference in the electric dipole moment at the transition
state relative to the adsorption site (i.e., the ground state) comes out
negative for all diffusion paths of the Au adatom (with attached Cl
atoms) on Cl covered Au(001) surfaces (coverage Θ = 0.5) presented
in this paper; see Table IV. If the dipole moments were unaffected by
the electrolyte, this sign of the dipole moment variation would imply
an increase in the diffusion barrier height with the sample poten-
tial.14 In that case, the acceleration of Au island coarsening with the
sample potential15 as well as the transition between the layer-by-
layer and step-flow growth mode as a function of sample potential
observed in Ref. 9 would require alternative explanations beyond the
sample potential dependence of the Auad diffusion energy barrier
on the plain terraces. Such effects might include the energy bar-
rier for the detachment of atoms from Au steps15,18 and the sample
potential dependence of island nucleation. However, an important
feature of the electrochemical interface, the aqueous environment
has, not been considered. Reaction and activation energies have been
reported in the literature48–52 to change in the presence of water.
Zope et al.48 have calculated reaction and activation energies for
the elementary reaction steps involved in the oxidation of ethanol
to acetic acid on Au(111) and Pt(111) with and without explicit sol-
vent. The difference in the reaction energies for solvated case and
the vacuum case ranges from −0.80 eV to 0.39 eV on Au(111). The
difference in activation energies ranges from −0.28 eV to 0.27 eV
on Au(111). Moreover, Iyemperumal and Deskins52 have found that
reaction energies (e.g., for oxygen reduction, formic acid oxidation,
C–C cleave, and water gas shift) at the aqueous/Pt(111) interface
change up to 0.23 eV with respect to vacuum/Pt(111). But the effect
of water can also be less than 0.02 eV in the case of C–C cleavage.52
To the best of our knowledge, there are no studies addressing the
influence of water on activation barriers of halide covered coinage
metal surfaces.
Previous work by various authors regarding the metal(111)-
water interface (without halides) has shown that while the icelike
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TABLE IV. Comparison of diffusion barriers ΔE (eV) and variation of dipole moment Δμ (eÅ) for Auad diffusion on Cl covered
Au(001) surfaces with Θ = 1/2 and containing one Cl vacancy.





No vacancy Cl vacancy No vacancy Cl vacancy
Concerted rotation Via hollow Path I Path II Via top Path I Path II
ΔE (eV) 0.52 0.44 0.26 0.25 0.77 0.35 0.34
Δμ (eÅ) −0.10 −0.20 −0.08 −0.02 −0.09 −0.09 −0.06
bilayer is not stable at room temperature, it is a good starting
point.53–55 DFT-MD simulations by Le et al.55 have identified the
presence of different local water configurations within the interface,
and notably structural differences between inert surfaces (e.g., Ag
and Au) and more reactive surfaces (e.g. Pt and Pd). Furthermore,
DFT studies by Schnur and Groß53 have shown that the H-up and
H-down water bilayers on the (111) metal surfaces studied yield a
strong difference in the dipole moments, despite the similarity of
the adsorption energies. In the case of water clusters, water hex-
amers at metal surfaces have been studied intensely with various
GGA’s56,57 and dispersion corrected GGA functionals.58,59 Especially
at noble metal surfaces, the buckling of the water hexamers has been
found by Dong et al. to be sensitive to the choice of the functional.59
In the case of the metal(001) surfaces, molecular dynamics simula-
tions with classical potentials60,61 have resulted in a structure of the
water layer on Pt(001), which is rectangular. Lin and Groß62 have
investigated the structure of a water layer on Au(001) using DFT.
They start from a rectangular structure in a (2 × 2) SUC. In their
BOMD simulations, the structure of the water changes largely (prior
to desorption, depending on temperature). From a calculation of fre-
quencies, they conclude, however, that the structure of their water
layer seems not to be realistic.
To obtain a structure model for a static water layer that fits into
our p(4 × 4) Au(001) surface unit cell, we start from a rectangular
structure as described in Ref. 62 with 16 water molecules. We intro-
duce a structural perturbation by putting the H2O layer on top of
the Cl vacancy structure shown in Fig. 9. The relaxed water layer
is characterized by hexagonal H2O rings. This structure is different
from the BOMD snapshot shown in Fig. 2(b) from Ref. 62, but a
hexagonal H2O structure also has been observed in the same refer-
ence for water on a clean stepped Au(511) surface. The two water
structures in Figs. 9(a) and 9(b) are basically the same; they are only
slightly displaced with respect to each other.
When placed on the clean Au(001) surface, the hexagon-like
structure from Fig. 9 lowers the total energy with respect to the rect-
angular water structure by 80 meV per H2O molecule. The nearest-
neighbor O–O distances range from 2.55 to 2.94 Å (to be compared
∼2.75 Å in Ref. 55, 2.80 Å in Ref. 62, and 2.63 and 2.76 Å in Ref. 56).
The H–bond distances are between 1.51 and 1.99 Å (1.83 Å in
Ref. 58). ΔzO–Au of the bottommost oxygen layer varies from 2.65
to 3.47 Å. In the case of the fully Cl covered surfaces, ΔzO–Cl ranges
from 2.86 to 3.04 Å.
As the next step, we propose a rough estimate of the effect of
water on the diffusion energy barrier, disregarding the influence of
the electrochemical interface and the cations from the electrolyte.
As Au adatom diffusion is promoted by the presence of a neigh-
boring Cl vacancy [see, in particular, Figs. 7(b) and 8], we here,
for simplicity, focus only on the effect of a water layer on the Cl
vacancy diffusion (see Fig. 5). Results are summarized in Table V.
The diffusion path from the initial to the final configuration is sym-
metric with respect to the intermediate configuration, the initial and
final state being equivalent in the absence of the water layer. The
symmetry is broken by the water layer. Table V contains a rough
estimate for the energy of the transition state both starting from the
initial configuration and the final configuration of the Cl vacancy.
For each configuration (initial, transition state, and intermediate in
Fig. 5), the atomic geometry of the substrate and Cl adlayer was
taken from the calculation without water and kept fixed, while the
water layer has been ionically relaxed for each configuration. Both
water adlayers as shown in Figs. 9(a) and 9(b) have been considered.
Additionally, a NEB calculation has been performed for the diffu-
sion of the Cl vacancy in the presence of the water adlayer shown in
Fig. 9(a). Results are in agreement with Table V within the error bars.
With regard to our approximate approach based on the frozen vac-
uum reaction path, we find that the diffusion energy barrier changes
by less than 0.01 eV with respect to the energy barrier observed
in vacuum if only the two water structures with the lowest energy
of the initial configuration are considered. In this case, the dipole
moment changes by less than 0.01 eÅ, which is to be compared to the
FIG. 9. Initial configuration of the diffusion of a Cl vacancy on the c(2 × 2)-Cl
Au(001) in contact with a local hexlike water adlayer. DFT calculation for the frozen
substrate and Cl adlayer have been performed until the Hellmann-Feynman forces
acting on the relaxed water molecules became smaller than 0.01 eV/Å. The Au
substrate has been modeled with 6 layers and a vacuum thickness of ∼13 Å. (a)
and (b) show two water adlayer configurations, which are slightly displaced with
respect to each other.
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TABLE V. Comparison of energy variation ΔE (units are given in the table) and vari-
ation of dipole moment Δμ (units are given in the table) at the initial configuration and
the transition state for Cl vacancy on c(2 × 2)-Cl covered Au(001) surface.
Initial TS
ΔE (meV) Δμ (meÅ) ΔE (meV) Δμ (meÅ)
Vacuum 0(ref.) 0(ref.) 187 −11
Figure 9(a) 0(ref.) 0(ref.) 190 −5
88 −130 228 4
Figure 9(b) 12 −5 205 −7
94 −173 287 −179
estimated accuracy of the calculated dipole moments of 0.01–0.02
eÅ. If also the water layer with higher initial energy is considered,
the dipole moment change is +0.13 eÅ at the transition state. Thus,
in the case of the water structures with minimum energy of the ini-
tial configuration, the effect of a water layer on the energy barrier of
Cl vacancy diffusion and the induced dipole moment at the transi-
tion state is small. However, we emphasize that the validity of our
hexagonal-like water structure requires further analysis (analog to
the analysis of vibration frequencies in Ref. 62). The induced dipole
moment has turned out to be extremely sensitive to the relaxation
of the water molecules; this is ascribed to the large dipole moment
of water molecules. The dipole moments will be affected by the
dynamics of the water molecules.
While we have introduced a state-of-the-art explicit water layer,
the countercations from the electrolyte are not included in our sim-
ulations. Their effect on the diffusion barriers is not clear. From
DFT calculations and X-ray diffraction experiments, Keller et al.63,64
have derived a model for the interface between a Cu(001) elec-
trode and Cl− containing electrolytes where the electrochemical
double layer contains a layer of anions adsorbed at the metal sur-
face and a layer of countercations with a water layer in between.
Using X-ray diffraction, Nakamura et al.65,66 have derived a model
for the Ag(001)/Br−/water/Cs+ interface. In those models, the water
molecules are highly oriented with respect to the surface, and in
Refs. 63 and 64, the halogen-water separation is distinctly smaller
than in case of our water layer. It would be of interest to investigate
the effect of the fluctuating distribution of cations at the interface on
the diffusion properties of Au adatoms on the Au(001) surface in a
Cl− containing electrolyte. Such simulations are, however, beyond
the scope of this paper.
IV. CONCLUSIONS
Our DFT calculations provide an atomistic view of the struc-
ture of the halide adlayer at the interface between the unrecon-
structed Au(001) surface and the chloride containing electrolyte,
as well as the diffusion of Auad within this adlayer. Both exper-





2)R45○, come out very close in energy (with an
energy difference below to the accuracy of our DFT calculations).
They are therefore both considered in this paper. The Cl adlayer
strongly modifies the adsorption properties and energies of Auad. On
Cl covered Au(001), Auad no longer adsorbs at the hollow site. It
forms a AuadCl2 complex, and Auad binds to the bridge site, as
already suggested by other authors for Au(111)38 and for Au(001).21
On the completely Cl covered surface, the Au self-diffusion paths
have energy barriers at least equal to 0.44 eV. It is only in the pres-
ence of a Cl vacancy that this diffusion energy barrier is drastically
reduced to 0.26 eV in the case of c(2× 2)-Cl Au(001). Thus, we con-
clude that the presence of Cl vacancy is crucial to promote the Au
self-diffusion at this electrochemical interface. The diffusion energy
barrier of AuadCl2 in our calculations is determined by the height of
the Cl vacancy diffusion barrier on the respective surface. We note
that, due to the complexity of the diffusion path in high-dimensional
configuration space with a multitude of local energy minima, the
probability of the suggested individual diffusion paths will be small.
This is expected to affect the prefactor while the calculated activation
energy still is meaningful. If all energy barriers for the elementary
diffusion steps were equal, this barrier would determine how rapid
the fluctuation is at a given temperature.
The dependence of the activation energy for Auad self-diffusion
on sample potential, however, still poses an open problem for future
research. Further DFT simulations are needed to investigate the
effect of the electrolyte on the Auad diffusion barriers.
SUPPLEMENTARY MATERIAL
See supplementary material for (i) an analysis of the accuracy
and convergence properties of total energy calculations presented in
this paper, (ii) an overview of various low energy atomic configura-
tions which have been considered as candidates for the atomic struc-
ture in the vicinity of an Au adatom adsorbed on the completely Cl
covered Au(001) surfaces, as well as atomic configurations contain-
ing a single Cl vacancy in the neighborhood of Auad, and (iii) details
concerning the calculations to estimate the effect of a water layer on
the diffusion energy barrier in the case of Cl vacancy diffusion on
the c(2 × 2)-Cl Au(001) surface.
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5. Initial Steps Toward AuadIsland Nucleation on a2 (2 × 2)-Cl Au(001) Surface
In this chapter, our interest is focused on homoepitaxial growth on Au(001) under elec-
trochemical conditions. Electrodepostion experiments for Au(001) in a Cl− containing
electrolyte have shown transitions from 3D to layer-by-layer and to step-flow growth mode
at positive potentials (V6/6; ), where the unreconstructed substrate surface is stable [50].
While island nucleation is essential for layer-by-layer growth, a detailed atomic-scale de-
scription of the early steps leading to the formation of Au ad-structures on the 2 (2 × 2)-Cl
covered Au(001) electrode surface is still lacking. Therefore, the overall goal of the presented
work is to investigate the binding topology of (Auad)n adatom structures for = ≤ 4 on
2 (2 × 2)-Cl Au(001) surface as well as their stability as a function of Cl chemical potential.
The results from Sec. 5.1 have been published in Ref. [229].
In nucleation theory, it is often assumed that all clusters are not mobile [4]. However, the
migration of small clusters e.g. dimers, trimers, may affect growth processes, specially if
their diffusion occurs with low energy barriers [124]. In Sec. 5.2, diffusion processes of Auad
dimer on the otherwise clean unreconstructed Au(001) surface reported in the literature are
summarized. To gain an insight of the effect of Cl adatom in the diffusion of a Auad dimer,
we discuss the diffusion of Au2Cl clean unreconstructed Au(001) surface. The activation
barrier of Au2Cl dimer is ≈ 6 times the diffusion barrier of AuadCl2 on the clean Au(001)
surface and ≈ 2 times the barrier of AuadCl2 on 2 (2 × 2)-Cl surface in the presence of a Cl
vacancy.
5.1. Auad Small Clusters on 2 (2 × 2)-Cl Au(001)
In this Section our aim is to reveal the local binding topology at and around Auad small
clusters on a 2 (2 × 2)-Cl Au(001) surface for Cl coverage Θ from 7/18 to 1/2. Assuming
that the 2 (2 × 2)-Cl adlayer can exchange Cl− ions with the electrolyte the stability for Cl
structures are derived for Auad monomer and dimer as a function of Cl chemical potential
`Cl. Although our primary focus is on adsorbed clusters at high Cl coverage, we explore the
energetics of various Au–Cl complexes adsorbed on the clean Au(001) surface, both cases
resemble the system Au=/Au(001) at low Cl coverage.
To address Au= in the presence of 2 (2 × 2)-Cl adlayer, DFT total energy calculations have
been carried out for several configurations with a given number of Au adtoms at various Cl
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coverage Θ on a ? (6× 6) SUC using Quantum Espresso package [117, 118]. The total energy
of a configuration C will be denoted by
 (=, #site/2 − =Vac,C , #site), (5.1)
=Vac is the number of Cl vacancies in the adlayer. #site denotes the number of Au atoms
per layer in the (1 × 1)-Au surface, which is 36 for a ? (6 × 6) SUC. Thus, the coverage is
defined as the ratio of (#site/2 − =Vac)/#site. The minimum of  (=, #site/2 − =Vac,C , #site)
with respect all configurations C at a given Θ and #site will be only taken into account
0(=, #site/2 − =Vac, #site) = min
C
 (=, #site/2 − =Vac,C , #site) . (5.2)
At a given `Cl and Au= the stable Cl structures results from the minimization of the energy





with respect Cl coverage Θ. In Eq. (5.3) the total energy 0(=, #site/2, #site) has been taken as
a reference energy, which corresponds to the lowest energy configuration for = Au adatoms
at Θ = 1/2. The energy per Cl atom in reservoir is given by Cl2/2 + `Cl. Following this
approach, the equilibrium Cl configurations at and around Auad monomer and dimer are
identified as a function of `Cl. It should be noted that configurational entropy effects are
not taken into account. Regarding `Cl, the values of chemical potential are restricted to a
range where the 2 (2 × 2)-Cl adlayer at Θ = 1/2 is stable, see Chapter 3. Thus, the following
discussions are valid within the range of `Cl of -0.94 to -0.35 eV.
Analogously to high Cl coverage, adsorption configurations for Au–Cl complexes on
clean unreconstructed Au(001) surface have been calculated by means of DFT. Following
Eq. 5.1, the total energy of a configuration C will be denoted by
 (=, =Cl,C , #site), (5.4)
where =Cl is the number of Cl atoms in the complex. The lowest energy configuration for a
given number of Au and Cl adatoms is given by
0(=, =Cl, #site) = min
C
 (=, =Cl,C , #site) . (5.5)
Assuming a Cl reservoir with `Cl, a selection of stable Au–Cl complexes is the result of the
minimization of the energy difference





In this case 0(=, 0, #site) has been chosen as a reference energy. It corresponds to Au=
adatoms on Au(001) without coadsorbates, in which Au adatoms occupy epitaxial sites.
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Figure 5.1.: Calculated adsorption configurations for Auad on 2 (2×2)-Cl adlayerwith=Vac = 0
(a, b) and =Vac = 1 (c). Configurations (a) and (c) correspond to the lowest energy
structures for =Vac = 0 and 1, respectively. The Auad–Clc bond lengths of the
complex amounts to 2.31 Å for (a) and (c) and 2.27 Å for (b). The black squares
denote the ? (6 × 6) SUC.
5.1.1. Auad Monomer
The atomic configurations and energies of Auad adsorbed on 2 (2 × 2)-Cl Au(001) surfaces
with =Vac from 0 to 4 here considered are listed in Appendix A.2 and A.6, which have been
published in the Supplementary Material of Ref. [158] and [229] respectively.
Among the calculated configurations for the monomer the AuadCl2 complex has turned
out to be the most stable structure. The complex is adsorbed at bridge site of the substrate; see
Fig. 5.1(a),(c) for =Vac= 0 and 1. Further electronic and geometric properties of the complex
remain unaltered in the presence of Cl vacancies e.g. interatomic distances of the AuadCl2
complex.
Δ = (=Vac, `Cl) vs. `Cl is shown in Fig. 5.2 as published in Ref. [229]. In addition to the
calculated configurations, the energy of a configuration with =Vac has been obtained from a
system with (=Vac − 1) plus a Cl vacancy added far away from Auad by
Δ∗1 (=Vac, `Cl) = Δ 1(=Vac − 1, `Cl) + VacCl (`Cl) . (5.7)
VacCl (`Cl) represents the energy necessary to desorb a Cl adatom from a perfect 2 (2× 2)-Cl
adlayer at a given `Cl, see Eq. (6) in Ref. [229]. The difference between Δ∗1 (=Vac, `Cl) and
Δ1(`Cl) is a value independent from `Cl
Δ∗1 (=Vac, `Cl) − Δ1(=Vac, `Cl) = 0(1, #site/2 − (=Vac − 1), #site) − 0(0, #site/2, #site)
−
(




We observe that Δ∗1 (=Vac, `Cl) − Δ1(`Cl) amounts to about is +0.04 and +0.03 eV for =Vac=
1 and 2, respectively. In case of =Vac= 3 and 4 the difference is negligible. This is attributed
to the fact that additional vacancies do not bind to AuadCl2 complex with 2 vacancies.
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no n   =0Vac


















Figure 5.2.: Δ 1(=Vac, `Cl) as a function of `Cl at a fixed number of Cl vacancies =Vac from
0 to 4. Dotted red lines correspond to Δ∗1 (=Vac, `Cl) as defined in Eq. (5.7).
Reproduced from J. Chem. Phys. 152, 084701 (2020) [229], with the permission
of AIP Publishing.
Regarding stability, from Fig. 5.2 the creation of an additional vacancy on the Cl adlayer
becomes only advantageous for values of Cl chemical potential `Cl below -0.91 eV. For more
positive values of `Cl the AuadCl2 complex with Θ = 1/2 remains stable.





3)R30◦-Cl Au(111) surface at chlorine coverage Θ > 0.33 ML [289]. In fact, they have
shown that their calculated STM image of AuadCl2 complex on Cl covered Au(111) surface
is in agreement with the experimental image at low temperature [289]. Furthermore, other
complexes such as AuCl, AuCl3 and Au2Cl6 were not consistent with their experimental
STM results.
5.1.2. Auad Dimer
The structure and chemical bond of Auad dimer have been investigated under two conditions:
at low and high Cl coverage. For the first case Au2Cl= for =Cl ≤ 4 complexes adsorbed on
clean unreconstructed Au(001) surface have been calculated. Adsorption configurations
are depicted in Fig. 5.3, among these structures the Au adatoms are located on hollow site
(see Fig. 5.3 (a),(b)) or bridge site (see Fig. 5.3 (c)-(e)) of the substrate. Detailed information
regarding the calculations as well as interatomic distances of the complexes are presented
in AppendixA.5. For high coverages a survey of adsorption configurations for Au2 on
2 (2× 2)-Cl Au(001) surfaces with =Vac from 0 to 4 have been carried through, corresponding
structures and energies are listed in Appendix A.6.
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Figure 5.3.: The atomic geometries of the Au dimer adsorbed on the clean unreconstructed
Au(001) surface. Following Eq. 5.9 the energy difference for `Cl = −1.26 eV
(Θ = 1/16) amounts to: (a) -0.16 eV, (b) -0.09 eV, (c) +0.71 eV, (d) +0.70 eV and
(e) +0.62 eV. Positive sign denotes that the formation of Au2Cl= complex costs
energy. The black squares represent the ? (4 × 4) surface unit cell used in the
calculation. Details regarding the computation are to be found in AppendixA.5.
Au2–Cl Complexes
As a first step, we discuss the stability of Au2–Cl complexes on the clean unreconstructed
Au(001) surface. If a Cl reservoir is assumed with `Cl, the selection of stable complexes is
obtained by the minimization of di,2 at a given `Cl.





di,2(=Cl, `Cl) vs. `Cl is plotted in Fig. 5.4.
At equilibrium state between the Cl adlayer and the reservoir the value of `Cl depends on
the coverage e.g. at Θ = 1/16 `Cl amounts to -1.26 eV. For the complex Au2Cl as depicted
in Fig. 5.3 (a) di,2 amounts -0.16 eV at Θ = 1/16. The negative sign indicates that there is
an energy gain if a Cl atom is adsorbed on the bridge site of the Auad dimer rather than
on the terrace at low coverage. This result is consistent with the result of Mesgar (-0.19 eV
[60]), who has already pointed out this fact. For Au2Cl structure in Fig. 5.3 (b) di,2 is about
-0.09 eV at Θ = 1/16. The absolute energy difference between both Au2Cl configurations
amounts to 0.07 eV (0.09 eV [60]), while in absence of Cl adatom the energy difference is
about 0.20 eV (0.26 eV [186]). In this case the effect of Cl is significant and it is attributed
to the Auad–Cl bond length, which only varies slightly with respect to Au2Cl in Fig. 5.3 (a)
Furthermore, the distance between Au adatoms amounts to 3.88 Å, which is 7% smaller
than second nearest-neighbor separation. Other complexes such as Au2Cl3 (configuration
from Ref. [290]) and (AuadCl2)2 have been calculated, see Fig. 5.3 (c)-(e). At Θ = 1/16 these
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Figure 5.4.: di,2 for Au–Cl complexes in Fig. 5.3 (a),(c),(e) plotted as a function of `Cl. Grey
regions denote the stability range of the clean hex-Au(001) and 2 (2 × 2)-Cl
Au(001) with Θ = 1/2.
complexes are energetically unstable e.g. di,2 amounts to +0.62 eV for (AuadCl2)2.
Concerning stability, (AuadCl2)2 complex is the stable specie in the range of `Cl of -0.94 to
-0.35 eV, where the 2 (2 × 2)-Cl adlayer at Θ = 1/2 is stable. Analogously to Auad monomer,
for high Cl coverage a question arises: How will the specifically coadsorbed Cl atoms affect
to the chemical bonding of Auad dimer?
Auad Dimer on 2 (2 × 2)-Cl Au(001)
When the Cl adsorbates are in equilibrium with the reservoir, the repulsion of Cl adatoms
will characterize the equilibrium structures in the vicinity of the Auad dimer. To select the
equilibrium Cl structures, we employ Eq. (5.3) for = = 2





Fig. 5.5 shows Δ 2 as a function of `Cl for =Vac ≤ 4. As a result of the minimization of
Eq. (5.10) for `Cl > −0.86 eV, where the creation of an additional Cl vacancy is unfavorable, a
chainlike (AuadCl2)2 structure along the [100] direction of the substrate is stable as shown in
Fig. 5.6 (a). A similarity with the low Cl case is observed, the (AuadCl2)2 complex on the clean
Au(001) is also stable for `Cl > −0.86 eV. The presence of the surroundings coadsorbates
influences the separation between Au adatoms. At high coverage Auad–Auad bond length is
2.6% smaller than the second nearest-neighbor separation on the unreconstructed Au(001)
surface, while on clean surface Auad–Auad bond length is 5% larger than the second nearest-
neighbor separation. In this range of `Cl adsorption configurations of Auad dimer on epitaxial
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sites are energetic unfavorable with respect to the chainlike dimer e.g. structure depicted in
Fig. 5.6 (b) is energetically unstable by 0.18 eV.
Similar chainlike structures have been reported in the literature e.g. (AuadCl2)2 on Cl
covered Au(111) [289], (Au(CH3S)2)2 on methyltiolate covered Au(111) [291, 292].
n   =0Vac


















Figure 5.5.: Δ 2(=Vac, `Cl) as a function of `Cl at a fixed number of Cl vacancies =Vac from
0 to 4. Analogously to Δ∗1 (=Vac, =Vac, `Cl), dotted red lines represent the case
of an additional Cl vacancy far away from the Auad dimer. Reproduced from J.
Chem. Phys. 152, 084701 (2020) [229], with the permission of AIP Publishing.
At values of `Cl < −0.86 eV a Au2Cl cluster, in which Auad adatoms occupy nearest-
neighbor positions, is stable as shown in Fig. 5.5 (=Vac = 3). Similarly, the Au2Cl complex
adsorbed on clean surface becomes stable for `Cl < −1.0 eV. The distance between Cl
coadsorbates and the Au2Cl could influence substantially in the energetics. For example,
for =Vac = 3 if the distance between Au2Cl cluster and the coadsorbates reduces, adsorption
configurations are energetically less favorable over a range from 0.07 to 0.17 eV.
From Sec. 5.1.1 we know that on the 2 (2 × 2)-Cl covered Au(001) surface the binding of
two AuadCl2 monomers is the initial step towards Auad island formation. The binding energy
of a AuadCl2 monomer to another on the 2 (2 × 2)−Cl Au(001) surface depends strongly on
the Cl chemical potential, see Fig. 4 in [229]. The energy gain amounts only to 0.06 eV if
the chainlike (AuadCl2)2 is formed, this occurs at `Cl > −0.86 eV. When Cl vacancies are
available on the adlayer, the absolute value of the binding energy increases up to 0.23 eV
for `Cl ≤ −0.86 eV. This result implies that the nucleation of an Au ad-dimer is distinctly
supported by the presence of vacancies in the halide adlayer. While there are of course
various parameters that determine the growth mode, we note that a larger absolute value
of the binding energy of the nucleus is expected to assist the transition from step-flow to
layer-by-layer growth mode.
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Figure 5.6.: Selected adsorption configurations for Auad on 2 (2× 2)-Cl adlayer with =Vac = 0
(a,b) and =Vac = 3 (c). Structures (a) and (c) correspond to the lowest energy
configurations for =Vac = 0 and 3, respectively. The surface unit cell is denoted
by black squares.
5.1.3. Further Clusters of Auad
Analogously to the Auad dimer, calculations have been carried out with low and high
Cl coverage. However, due to the large number of possible adsorptions configurations
calculations have been restricted to the following cases:
(i) Au4Cl= complexes on the clean Au(001) surface.
(ii) Auad trimer and tetramer on 2 (2 × 2)-Cl Au(001) surface with =Vac ≤ 2.
Au4–Cl Complexes
The list of Au4–Cl complexes here considered are detailed in AppendixA.7. Fig. 5.7 shows
six types of Au4–Cl complexes. The stable Au4–Cl complex at a given `Cl is selected by
minimizing





over the number of Cl atoms =Cl. Fig. 5.8 displays di,4 as function of Cl chemical potential
for a fixed number of Cl atoms.
At `Cl = −1.26 eV (Θ = 1/16) the most stable complex is the linear-like (Au2Cl)2 as
depicted in Fig. 5.7 (a). The corresponding value of di,4 amounts to -0.44 eV. Interestingly,
for a compact complex shown in Fig. 5.7 (e) of di,4 amounts only to -0.10 eV. Compact
epitaxial clusters are expected for larger number of Au adatoms. For the chainlike structure
di,4 at `Cl = −1.26 eV amounts to +1.23 eV, while at values of `Cl ≥ −0.94 eV the chainlike
structure becomes the most stable complex as shown in Fig. 5.8.
Auad Trimer and Tetramer on 2 (2 × 2)-Cl Au(001)
Energies and geometries of calculated configurations with =Vac ≤ 2 are listed in Ap-
pendixA.6.
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Figure 5.7.: The atomic geometries of the Au–Cl tetramer adsorbed on the clean unrecon-
structed Au(001) surface. For each Au2–Cl complex di,4 at `Cl = −1.26 eV
amounts to: (a) -0.44 eV, (b) -0.33 eV, (c) -0.25 eV, (d) -0.18 eV, (e) -0.10 eV and (f)
+1.23 eV. The thickness of the Au slab is 4 layers. The black squares represent
the ? (6 × 6) surface unit cell used in the calculation.
At the perfect 2 (2 × 2)-Cl adlayer the chainlike structures of AuadCl2 are found to be
stable, see Fig. 5 (a) in Ref. [229]. The attachment of a successive AuadCl2 results in an
energy gain of about ≈ 0.06 eV per complex. In the presence of Cl vacancies the lowest
energy configurations for trimer and tetramer are characterized by the juxtaposition of
AuadCl2 complexes and a Au2Cl dimer, see Fig. 5 (b) in Ref. [229]. The separation between Au
adatoms of the dimer and the AuadCl2 complex corresponds approximately to the nearest
neighbor distance, this occurs due to the adsorption of AuadCl2 on bridge site of the substrate.
Similarly to the dimer, we expect epitaxial Auad islands configurations for larger number of
Cl vacancies.
Previous studies in the literature have found stable coinage metal-S clusters on metal
surfaces e.g. Au4S5/Au(100) [290], Ag3S3/Ag(111) [293]. Interestingly, Walen et al. have
pointed out that all Au–S complexes can be regarded as combinations of (near)linear S–Au–S.
Although there are some similarities to our findings, the interaction of the adsorbates with
the substrate is different as well as their chemical nature e.g. S atom occupies the hollow
site on Au(001), while Cl adsorbs at the bridge site. For example a diamond-shaped cluster
as identified for Au–S in Ref. [290] is not expected for Au–Cl.
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Figure 5.8.: di,4 for Au4–Cl complexes in Fig. 5.7 (a),(e),(f) plotted as a function of `Cl. Grey
regions denote the stability range of the clean hex-Au(001) and 2 (2 × 2)-Cl
Au(001) with Θ = 1/2.
5.1.4. Discussion of Induced Dipole Moments
Under electrochemical conditions the surface mobility can be tuned by the electrode sample
potential [49, 294]. The dependence on sample potential can be explained by the coupling of
the adsorbate’s dipole moment - of hopping rates and the local electric field in the electrolyte
at the surface E [39, 47, 49, 173]. In a first step toward including the electrochemical
environment, the impact of the local electric field in the electric double layer can be estimated
by varying the external electric field. Potentially, including the local electric field could
change adsorption energies and barriers substantially [28, 180].
In the present, the effect of an electric field has been assessed for the binding energy of the
Auad dimer on Cl covered Au(001) surface by adding the interaction energy −`IEI to the DFT
total energies. The lowest energy configuration for a given number of Au adatoms and Cl
vacancies on the adlayer remains unaltered within the range of -0.4 to +0.4 V/Å. For example,
in case of =Vac = 0 (Θ = 1/2) the energy and dipole moment differences between the AuadCl
(see Fig. 5.1 (b)) and the AuadCl2 (see Fig. 5.1 (a)) configurations at EI = 0.0 V/Å amount
to 0.24 eV and -0.41 eÅ, only for EI ≤ −0.6 V/Å the difference between both structures is
negative i.e. AuadCl2 becomes energetically unstable.
Concerning the binding energy, here we only consider the effect of the electric field in
the formation of Auad dimer when there is no exchange of Cl with the electrolyte i.e. the
number of coadsorbed anions in the initial and final states are the same. If two AuadCl2
monomers, which are far away from each other, form a (AuadCl2)2 dimer at the perfect
2 (2×2)-Cl adlayer, the dipole difference between the initial and final states amounts roughly
to -0.02 eÅ. The initial state corresponds to two unit cells with the AuadCl2 at Θ = 1/2, while
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the final state is composed of a unit cell with the (AuadCl2)2 dimer with Θ = 1/2 and another
one with the perfect 2 (2 × 2)-Cl Au(001) without Au adatoms.
We assume that Cl adlayer is a reservoir for vacancies. If two AuadCl2 monomers, which
are bound to one and two Cl vacancies respectively, form a dimer with =Vac = 3 on the
2 (2 × 2)-Cl Au(001) surface, the dipole moment the dipole difference between the initial and
final states results in −0.18 eÅ. This larger value is attributed to the Cl atom, which resides
on the bridge site of the dimer. The interaction of such dipole moment with the electric field
leads to significant variations in the binding energy e.g. ±0.07 eV for EI = ±0.4 V/Å.
A rigorous treatment of the electrochemical interface, which requires the explicit (or
implicit) simulation of the electrolyte (water molecules and ions), is beyond scope this work.
Various theoretical studies have been focused on processes involving proton transfer. In
particular, the CO dimerization in CO2 electrochemical reduction on Cu(100) surface has
been investigated by Montoya et al. [202]. They reported that the reaction energy for
2∗CO→∗OCCO can be reduced by 0.2 eV if an uniform electric field of 0.9 V/Å is applied.
Moreover, in contact with a single water layer and with an extra H to the water layer the
reaction energy decreases by 0.6 and 1.0 eV respectively. The authors pointed out that the
solvent stabilizes the dimer, both carbons atoms bound to the surface while at metal/vacuum
interface only one carbon bounds to the surface. The stabilization of the dimer as well as
the reduction of the corresponding energy barrier have been attributed to a combined effect
of solvation and local electric field, which can not be reproduced by an external electric
field. In comparison to our system Au adatoms bond to the surface, therefore we expect
smaller energy changes for solvation conditions. Altogether, the effect of the electrolyte in
an electrochemical environment and the dependence on sample potential still have to be
accounted for and are issues for future research.
5.2. Diffusion of Au2Cl Dimer on Clean Au(001)
Small complexes can influence metal mass transport, for example, in the form of accelerated
decay of smaller two-dimensional (2D) metal nanoclusters [293, 295]. Experimental evidence
of such carriers on Cl covered Au(001) surface is not known to date. But in [158] the diffusion
gold halide species on Cl covered Au(001) surfaces has been discussed. Furthermore, the
stable configurations for Auad dimer on 2 (2 × 2)-Cl Au(001) as a function of Cl chemical
potential have been identified in Sec. 5.1. To gain a very first insight about the migration
of Au2 on Cl covered, diffusion pathways and energy barriers for Au2Cl complex on clean
unreconstructed Au(001) have been determined by using climbing image nudged elastic
band method (CI-NEB) [145, 146, 296] with PWscf [117]. As a comparison we refer to the
diffusion mechanisms of Au2 on clean unreconstructed Au(001) surface from the literature,
a survey is presented in Tab. 5.1.
Reported self-diffusion energy barriers for Au2 on clean unreconstructed Au(001) surface
range between 0.32 eV to 1.0 eV [124, 186, 194, 262, 297]. The two important mechanisms
are exchange and shearing processes. The first mechanism is based on the exchange of
one of the Au adatom with a first layer Au atom. The transition state is characterized by a
Auad trimer structure, and its corresponding energy barrier amounts to 0.24 eV [194]. In
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Table 5.1.: Comparison with theoretical studies of diffusion barriers act for Auad dimer and
Au2Cl diffusion on the clean Au(001) surface. The variation of dipole moment
Δ ` at transition state for Au2Cl. Calculations in Ref. [262] have been performed
by means of tight-binding second-moment approximation (TB-SMA). Energies
and dipole moments are given in eV and eÅ respectively.
Auad dimer Au2Cl
Mechanism act / eV act / eV Δ ` / eÅ
Perpendicular hopping 0.53 [262] 0.86 -0.03
Collinear hopping 0.73 [262] 0.94 -0.06
Exchange 0.24 [194] 0.64 -0.11
Shearing 0.82 [194, 297], 0.74 [186] 0.45 (0.52 [60]) 0.0
the shearing process, one Auad diffuses in a direction perpendicular to dimer axis to next
neighbor site with an energy barrier of about 0.86 eV [194, 297].
For the Au2Cl complex four diffusion mechanisms are shown in Fig. 5.9. In the initial state
the Au2Cl complex is arranged along the [110] direction of the substrate. Two concerted
hopping moves, toward the collinear and perpendicular directions with respect the dimer,
are displayed in Fig. 5.9 (a) and (b). The energy barrier for a concerted hopping along the
direction [110] amounts to 0.94 eV, while the hopping along the direction [-110] requires
0.08 eV less energy for diffusion. This trend has been observed for Au2 without a Cl atom,
but with a larger difference [262]. The exchange process is depicted in Fig. 5.9 (c). Similarly
to the Auad dimer, here the transition state is characterized by a Auad trimer structure. The
Cl is adsorbed at the hollow site of the trimer. In contrast to the exchange mechanism for
Au2 ( 0.24 eV [194]), the activation barrier amounts to 0.64 eV for Au2Cl. The large increase
of energy barrier is attributed to the stretching of Auad–Cl bond, from 2.46 to 3.04 Å. The
lowest activation barrier corresponds to the shearing process and amounts to 0.45 eV, see
Fig. 5.9(d). Along this mechanism a local minimum is encountered, which is only 0.07 eV
energetically unfavorable with respect the initial state. In this intermediate state the Au2Cl
complex is oriented toward the direction [100] of the substrate. It should be noted that the
Au2Cl complex can diffuse to any adsorption site via shearing and exchange process, while
the concerted hopping paths promote only one direction of diffusion separately.
In Tab. 5.1, the results for Au2Cl are summarized and compared to Auad dimer from the
literature. Only for the shearing process the activation barrier is reduced by the presence of
Cl atom.
The dissociation of Au2Cl complex results in Auad + AuadCl. Furthermore, Mesgar has
pointed out that the Au2Cl dimer on the clean unreconstructed Au(001) surface is expected
to migrate rather than dissociate [60]. However, at higher Cl coverage it is not clear how
the the dissociation of Au2Cl into two AuadCl2 monomers proceeds.
In contrast to Au2Cl complex, the average number of successful translations for the
AuadCl2 complex on clean surface (given by ≈ a04−0.074+ /:) C ) is six orders of magnitude
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higher at room temperature. The hopping rate AuadCl2 complex at Cl coverage Θ ≈ 0.47
(given by ≈ a04−0.264+ /:) ) is roughly three orders of magnitude higher at room temperature.
Therefore, the Au2Cl complex can be considered immobile.
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Figure 5.9.: Diffusion paths for the Au2Cl dimer on the clean unreconstructed Au(001) surface.
Concerted hopping of the Au2Cl dimer in the direction (a) [110] and (b) [-110]
of the substrate. (c) Exchange mechanism, interchange of Au atoms denoted
by 1 and 2. (d) Shearing diffusion analog to path in Ref. [60]. Along this path
a local minimum (denoted by an arrow) is encountered. The first half of the
path has been calculated, while the second half has been obtained by applying
symmetry operations. (e) Variation of the energy along the diffusion path, with
the adsorption minimum (Auad at hollow site) taken as a reference. The slabs
have been modeled by 4 Au layers. The black squares represent the ? (4 × 4)
surface unit cell used in the calculation.
110
5.3. Publication J. Chem. Phys. 152, 084701 (2020), Copyright (2020) by AIP Publishing
5.3. Publication J. Chem. Phys. 152, 084701 (2020),
Copyright (2020) by AIP Publishing
111
The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp
Initial steps toward Auad island nucleation
on a c(2 × 2)-Cl Au(001) surface investigated
by DFT
Cite as: J. Chem. Phys. 152, 084701 (2020); doi: 10.1063/1.5140244
Submitted: 26 November 2019 • Accepted: 31 January 2020 •
Published Online: 24 February 2020
Alexandra Celinda Dávila Lópeza) and Eckhard Pehlkeb)
AFFILIATIONS
Institut für Theoretische Physik und Astrophysik, Christian-Albrechts-Universität zu Kiel, 24098 Kiel, Germany
a)Author to whom correspondence should be addressed: davila@theo-physik.uni-kiel.de
b)pehlke@theo-physik.uni-kiel.de
ABSTRACT
Density functional theory calculations are reported that elucidate the initial steps toward Au ad-island nucleation on c(2 × 2)-Cl covered
Au(001) surfaces, which is relevant for Au electrodeposition in Cl− containing electrolytes. The atomic geometry of (Auad)n adatom structures
for n ≤ 4, as well as their stability as a function of Cl chemical potential, has been determined. The electrolyte, however, has not been accounted
for in the computation. We find a weakly bonded (AuadCl2)-chain as the most stable structure in the case of Cl chemical potentials such that
Cl vacancies are suppressed. In the range of Cl chemical potential, where Cl vacancies occur in equilibrium and bind to an (modified) Auad
induced ad-structure, the formation of a dimer from two monomers is accompanied by an energy gain between 0.06 and 0.23 eV. For Auad
trimer and tetramer formation, the calculations suggest a similar tendency. This suggests that on c(2 × 2)-Cl covered Au(001) surfaces, the
Au ad-island nucleation is supported by the presence of vacancies in the Cl adlayer.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5140244., s
I. INTRODUCTION
Electrochemical deposition is a scientifically and technologi-
cally important process.1,2 In general, the growth kinetics is known
to depend on the electrolyte,3 additives,4 and the sample poten-
tial.5,6 In order to proceed toward a microscopic understanding of
the observed growth modes, and ultimately the morphology of the
deposited film, detailed knowledge of the atomic-scale processes
at the interface is a prerequisite, which may serve as a basis for
the investigation of growth kinetics.7–9 In this paper, we focus on
a well-studied model system, Au-deposition on Au(001) in a Cl−
containing electrolyte,5,10–15 and investigate the initial steps toward
Auad island nucleation using density functional total energy calcula-
tions (not including, however, the effect of water, solvated ions, and
sample potential).
For the unreconstructed Au(001) substrate surface in the
Cl− containing electrolyte, a c(√2 × 2√2)R45○-Cl adlayer has
been reported in surface x-ray scattering (SXS) experiments.16
Furthermore, using in situ scanning tunneling microscopy (STM),
a defective ordered c(2 × 2)-Cl adlayer has been observed by Yang
et al. in the sample voltage range 0–0.4 VAg/AgCl.17 At a more positive
sample potential, larger than ∼0.71 VSCE, a uniaxially compressed
incommensurate c(√2 × p)R 45○-Cl structure has been observed in
STM by Cuesta and Kolb.18 At a more negative sample potential,
below 0.08 VAg/AgCl,17 the Au(001)-substrate surface becomes hexag-
onally reconstructed. The calculations presented in this paper refer
to the c(2 × 2)-Cl adlayer on the unreconstructed Au(001) substrate
surface.
In situ SXS experiments by Krug et al.5 have revealed a growth
mode for Au electrodeposition on Au(001) in a Cl− containing
electrolyte that is dependent on the sample potential. Within the
potential range, where the hexagonally reconstructed Au(001) sub-
strate is stable, Krug et al. have observed a transition from 2D to
3D growth mode. At a more positive sample potential, where the
unreconstructed Au(001) surface is stable, a transition from 3D
to layer-by-layer growth and, finally, to a step-flow growth mode
has been found. The transition from 3D to layer-by-layer growth
mode has been attributed to a sample potential dependence of the
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Ehrlich–Schwoebel barrier of Au adatoms, which is lowered by the
presence of coadsorbed Cl.5,19 The transition from layer-by-layer to
step-flow growth mode has been noted5 to be consistent with elec-
trochemical STM observations,3 which showed an increase in the
decay rate of Au islands with the sample potential in the Ostwald
ripening process.
Concerning theory, Au self-diffusion on clean and Cl covered
Au(001) surfaces has been studied in detail. The self-diffusion on
clean (1 × 1)-Au(001) surfaces and over steps has been described
by various authors in Refs. 20–22, as well as the Auad dimer forma-
tion.22,23 The influence of Cl coadsorbates on the Auad self-diffusion
has been calculated with density functional theory (DFT) by Mes-
gar et al.,14,15 mostly for small Cl coverages. Additionally, in Ref. 15,
Mesgar has presented a formation mechanism of a Auad dimer in
the presence of a single Cl atom. The present authors24 have inves-
tigated the diffusion paths and diffusion energy barriers for Au
self-diffusion on Cl covered Au(001) at a chlorine coverage of Θ
= 1/2 and found Cl vacancies to distinctly assist the Auad diffu-
sion. We note, however, that despite these computational efforts, the
dependence of diffusion rate on the sample potential is still an open
question.
Moreover, Ostwald ripening of Au islands has been simulated
with Kinetic Monte Carlo (KMC) supported by ReaxFF calcula-
tions25 by Kleiner et al.13 Following Ref. 13, Mesgar et al.14 have
investigated the effect of chlorine on island ripening by consider-
ing the diffusion energy barriers of the AuadCl complex (at low Cl
coverages).
What is still missing for the description of Au(001) growth by
electrodeposition is a detailed knowledge about the initial steps of
Au island nucleation on the c(2× 2)-Cl covered Au substrate surface.
For this purpose, we have performed DFT total energy calculations
for various Cl configurations including one or two (up to 4) Auad
adatoms and investigated the stability.
The paper is structured as follows: We summarize the compu-
tational methods in Sec. II. The Cl coverage and the correspond-
ing equilibrium adsorption structures of Cl on the unreconstructed
Au(001) substrate surface are discussed in Sec. III A. In Sec. III B, the
most stable configuration of Cl adatoms as a function of Cl chemi-
cal potential is derived for the case of a single Au adatom on the
(Cl covered) Au(001) substrate. This is an extension of our previ-
ous work.24 In Sec. III C, the calculations are generalized to the Auad
dimer, and we calculate its binding energy as a function of Cl chem-
ical potential. Finally, we present selected qualitative results for the
Auad trimer and tetramer.
II. COMPUTATIONAL DETAILS
For this work, the same computational approach as described
in Ref. 24 has been applied. Calculations have been carried out in
the framework of DFT using PWscf from the Quantum ESPRESSO
package26,27 with the generalized gradient approximation by Perdew,
Burke, and Ernzerhof (PBE-GGA)28 for EXC[n]. We used the pseu-
dopotential method for all atoms, with ultrasoft pseudopotentials29
from the open-source GBRV library.30 The Au(001) surfaces were
simulated by using a slab geometry with six metal layers. The sub-
strate surface is unreconstructed (1 × 1). The slabs were separated
by a vacuum region with a thickness of about 13 Å. Atoms were
adsorbed on one side, a dipole correction31,32 has been used. The
two Au lower layers were fixed at their ideal bulk positions, and the
remaining Au layers and the adsorbate layer were allowed to relax.
Geometry optimizations have been carried through until the residual
forces acting on the relaxed atoms became smaller than 0.01 eV/Å.
The plane-wave cutoff energy is 30 Ry. Brillouin-zone integrations
have been performed using a (4 × 4 × 1) Monkhorst–Pack grid
of special k-points33 for the p(6 × 6) surface unit cell (SUC). For
Sec. III A, simulations have been carried out with different SUC’s
dependence on Cl coverage with a k-point density in the reciprocal
space corresponding approximately to a (4 × 4 × 1) k-point mesh in
the full Brillouin zone of a p(6 × 6) SUC.
III. RESULTS AND DISCUSSION
The surface unit cells of the Au slabs are p(N × N) or c(N × N),
with the number of Au atoms per layer Nsite = N2 or N2/2, respec-
tively. The energy of the respective slabs with a clean surface is
denoted by Eclean(Nsite). In addition, the unit cell may contain m
Cl atoms. In that case, the Cl coverage amounts to Θ = m/Nsite.
In the c(2 × 2)-Cl Au(001) adlayer, the Cl adatoms are adsorbed
at Au bridge sites. The number of Cl vacancies refers to a perfect
c(2 × 2)-Cl adlayer, i.e., nVac = Nsite/2 − m. The various possible Cl
adsorption configurations at a given m (or Cl coverage) are enumer-
ated by C. Furthermore, n Au adatoms may be included in the top
surface. In that case, C also includes the atomic configurations of
the Au adatoms. The total energy of the corresponding slab will be
denoted as
E(n,m, C,Nsite). (1)
The minimum of E(n,m, C,Nsite) with respect to all configurations




n = 0 corresponds to a surface without Au adatoms.
A. Cl adlayer on Au(001)
As a prerequisite for our study, we first discuss the equilib-
rium chlorine coverage and Cl adsorption structure on the unre-
constructed Au(001) substrate surface as a function of Cl chemical
potential μCl.
DFT calculations have been performed for a single Cl adatom
on p(4 × 4), p(3 × 3), and c(4 × 4) SUCs, corresponding to small Cl
coverages 0.063, 0.11, and 0.125. In this case, only one Cl adsorp-
tion configuration is considered for each coverage. For Θ = 0.25,
two configurations have been calculated with a p(2 × 2) and a
p(2 × 4) SUC (configuration from Ref. 34) with 1 and 2 adsorbed
chlorines, respectively. In addition, c(2× 2)-Cl adlayer surfaces with-
out and with nVac = 1, 2, 3, 4, and 6 Cl vacancies have been calculated
within a p(6× 6) SUC, corresponding to Cl coverages 0.47, 0.44, 0.42,
0.39, and 0.33. For nVac ≥ 2, several configurations C of Cl vacancies
have been considered. The results are given in the supplementary
material.
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The stable Cl adsorption structure35,36 at chemical potential
μCl has been obtained by minimizing the adsorption energy per
substrate surface site,





with respect to the coverage Θ. In this equation, the energy per Cl
atom in the reservoir is ECl2 /2 + μCl. Defined in this way, Eads is equal
to the change in surface energy due to Cl adsorption times the area
of the (1× 1) surface unit cell. Note that, in general, the Gibbs free
energy of adsorption should be minimized,36–38 and thus, Eq. (3) is
an approximation. The contribution from configurational entropy
is neglected, as well as differences between the contributions of dif-
ferently adsorbed Cl atoms to the vibrational free energy (including
zero point energies). The vibrational free energy per Cl atom in
the c(2 × 2) reconstruction can be incorporated into the chemical
potential term. It results in a shift in the value of μCl.
Eads(Θ, μCl) vs μCl is plotted in Fig. 1 for various coverages.
The adsorption energy corresponding to the equilibrium cover-
age is given by the lower envelope of the curves. Moreover, dis-
regarding the presence of Cl coadsorbates, the surface energy of
hex-Au(001) is lower than the corresponding value of the (1 × 1)-
Au(001) surface by 0.077 J/m2 (0.060 J/m2 in Ref. 39) for PBE-GGA
without an electric field. This competes with the lowering of sur-
face energy of the unreconstructed substrate by Cl adsorption. If
the clean hexagonal reconstructed Au(001) surface were consid-
ered, the range of stability of the Cl covered Au(001) surfaces with
unreconstructed Au(001) substrate surface were cut off at about
μCl ≈ −1.03 eV. For this reason, the plot range of μCl starts at
−1.03 eV. However, this value is uncertain due to the limited number
of low coverage Cl adlayers that we have considered here, the neglect
of electric field effects, as well as the known sensitivity of the surface
energy difference to the approximation of EXC[n] as pointed out by
Feng et al.39
The c(2 × 2)-Cl adlayer with Θ = 1/2 becomes stable for
μCl ≥ −0.94 eV. In fact, it stays stable as long as μCl ≤ −0.35 eV,
where a c(√2 × p)R○45-Cl structure appears with Θ > 1/2. Cal-
culations for Θ = 0.63 have been performed in a p(8√2 × √2)
SUC.40 This means that the experimentally observed17,18 com-
pressed Cl layers only become stable at the Cl chemical potential
FIG. 1. Adsorption energy Eads per substrate surface site defined in Eq. (3) at given
values of Θ is plotted as a function of Cl chemical potential.
beyond the range of μCl shown in Fig. 1 and discussed in this
paper.
Among those structures that we have calculated, for values
of μCl below −0.94 eV, a c(2 × 2)-Cl adlayer with vacancies with
Θ = 0.33 is stable (see Fig. 1 and structures in Table S3 in the supple-
mentary material). Note that the particular value of Θ is supposed
to change, if further striped vacancy structures were considered.
The equilibrium Cl coverage as a function of μCl decreases abruptly.
This is attributed to the attractive interaction of Cl vacancies if they
occupy nearest neighbor sites of the c(2 × 2) lattice and develop
straight lines (vacancy chains). There is no net energy gain if, e.g.,
three vacancies form an L-like structure. The formation energy of
the 2 VacCl-chain amounts to 7 meV (≈0.3 kBTroom) per vacancy
with respect to separated Cl vacancies. For longer straight chains, the
energy gain increases to, e.g., 17 meV (≈0.7 kBTroom) per vacancy for
6 VacCl-chain. By contrast, other vacancy distributions yield ener-
gies consistent with the repulsion of Cl vacancies. To gain an insight
into this issue, further calculations have been carried out for a fully
and a partially (only z coordinate) relaxed Cl adlayer. In both cases,
the atomic coordinates of the Au substrate have been kept frozen
to the case of Θ = 1/2. For both calculations, the formation energy
of 6 VacCl-chain amounts to 13 meV (≈0.5 kBTroom) per Cl vacancy
with respect to separate Cl vacancies. This indicates that the gain of
energy may be attributed neither to elastic interactions via the sub-
strate nor to local stresses of the adsorbate layer, but to the change in
the electronic structure due to the adsorbate–surface bond.41 LEED
patterns showing (p√2 ×√2)R45○ superstructures of the Cl adlay-
ers on unreconstructed Au(001) for Cl coverages well below the
saturation coverage have been observed by Iwai et al.42 at a low tem-
perature (below 150 K). At room temperature, only streaks in the
direction of the superlattice peaks remain. The chains are oriented
in the [010] (or the [100]) direction of the Au substrate,42 which is
identical to the direction of the vacancy chains in our calculation.
At a saturation coverage, Iwai et al. found that the LEED pattern
finally conforms with a c(2× 2)-Cl adlayer at low and room tempera-
tures. In the electrochemical environment at Troom, the experiments
in Ref. 43 yield a smooth variation of the Cl coverage as a func-
tion of sample potential. We presume that at Troom, the vacancy
chain configurations will show a small statistical weight. Thus, the
smoothness of Eads can be recovered at Troom. Further studies, e.g.,
lattice-gas model in combination with DFT,44–47 would be needed
to assess a larger number of configurations as well as the effect of
temperature.
For simplicity, in what follows, we restrict ourselves to chem-
ical potential μCl >−0.94 eV, where the c(2 × 2)-Cl adlayer without
vacancies is stable (at T = 0 K) within the set of structures that we
have calculated.
B. Auad monomer
As a next step, we investigate the equilibrium Cl adsorption
configuration at and around a single Au adatom on the c(2 × 2)-Cl
covered Au(001) surface as a function of μCl. From Refs. 15 and 24, it
is known that an AuadCl2 complex (put on the, elsewise, clean unre-
constructed Au(001) surface) becomes more stable than an AuadCl
complex or a plain Auad adatom if a Cl reservoir is assumed with μCl
in the range of the Cl chemical potential considered in this paper.
To address Auad in the presence of a c(2 × 2)-Cl adlayer, total energy
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calculations have been carried out for several configurations (which
have been relaxed electronically and with respect to the atomic posi-
tions) at a given Cl coverage Θ on a p(6 × 6) SUC. For nVac = 0, 1 Cl
vacancies, we refer to our previous work,24 which we extend here to
nVac = 2, 3, and 4 Cl vacancies. The results for specific configurations
can be found in the supplementary material.
The c(2 × 2)-Cl Au(001) surface can exchange Cl− ions with the
electrolyte. The thermodynamically stable Cl structure for an Auad
on the surface at a given μCl is the result of the minimization of the
energy,
ΔE1(nVac,μCl) = E0(1,Nsite/2 − nVac,Nsite) − E0(1,Nsite/2,Nsite)
+nVac(ECl2/2 + μCl), (4)
with respect to coverage Θ. In this equation, E0(1, Nsite/2, Nsite)
has been chosen as a reference energy. It corresponds to the lowest
energy configuration at a fixed coverage Θ = 1/2 (nVac = 0), which is
depicted in Fig. 2(b). ΔE1 as a function of μCl is plotted for several
values of Θ in Fig. 2(a). Furthermore, the energy of a configuration
with nVac − 1 Cl vacancies, to which another Cl vacancy has been
added far away from the Auad adatom, is given by
ΔE∗1 (nVac,μCl) = ΔE1(nVac − 1,μCl) + EVacCl(μCl). (5)
In the range of μCl > −0.94 eV, the energy necessary to desorb a Cl
adatom from the c(2 × 2)-Cl adlayer EVacCl(μCl) at a given μCl is
EVacCl(μCl) = E0(0,Nsite/2 − 1,Nsite) − E0(0,Nsite/2,Nsite)
+ (ECl2/2 + μCl). (6)
In Fig. 2(a), dotted lines denoteΔE∗1 as a function of chemical poten-
tial for given nVac. The most stable configurations and Cl coverages
FIG. 2. (a) Δ E1 for a fixed number of Cl vacancies plotted as a function of μCl.
Dotted lines denote ΔE∗1 (nVac, μCl) from Eq. (5). The atomic geometries of the
lowest energy configurations for an Au adatom in the presence of nVac = 0 and 2
Cl vacancies (denoted by white circles) are shown in (b).
as a function of μCl can be derived from the lower envelope of the
curves ΔE1(nVac, μCl).
We find that the AuadCl2 complex stays stable as the number
of Cl vacancies is increased. When a Cl vacancy, which has been
created far away from the AuadCl2 complex, binds to the AuadCl2
complex with nVac = 0 or 1, the energy decreases by 40 (≈1.5 kBTroom)
or 30 (≈1.2 kBTroom) meV, respectively. In the case of additional Cl
vacancies, the energy gain becomes smaller or even negligible, i.e.,
the additional Cl vacancy no longer binds to the AuadCl2 complex
with two vacancies. From Fig. 2, we read that the configuration with
Θ = 1/2 is the most stable one for μCl > −0.91 eV. In this range of
μCl, the creation of an additional Cl vacancy is disadvantageous as it
would cost energy (in our calculation, disregarding finite tempera-
ture configuration entropy effects). At a more negative μCl, configu-
rations in which Cl vacancies attach to the AuadCl2 complex become
more stable than the one with Θ = 1/2. Atomic configurations are
shown in Fig. 2(b).
C. Auad dimer
The initial step toward Auad island formation is the binding
of two AuadCl2 monomers. In this section, we analyze the equilib-
rium Cl adsorption configuration in the vicinity of an Auad dimer on
the c(2 × 2)-Cl Au(001) surface and its binding energy with respect
to two separate AuadCl2 monomers. Processes and binding energies
depend on μCl. At a low Cl coverage, Mesgar15 has found that a Cl
atom adsorbs on the bridge site of the Auad dimer. The bond length
of the Auad dimer amounts to 3.09 Å,15 which is 5% larger than the
nearest neighbor distance. For the c(2 × 2)-Cl Au(001) surface, we
have performed DFT calculations for various configurations with
nVac = 0 to 4 Cl vacancies within a p(6 × 6) SUC. Different adsorp-
tion configurations at a given nVac and their energies are listed in the
supplementary material.
Analogously to Sec. III B, in order to identify the most stable Cl
adsorption configuration, we minimize the energy,
ΔE2(nVac,μCl) = E0(2,Nsite/2 − nVac,Nsite) − E0(2,Nsite/2,Nsite)
+nVac(ECl2/2 + μCl). (7)
E0(2, Nsite/2, Nsite) has been chosen as a reference energy. It cor-
responds to the lowest energy configuration for the Auad dimer on
the Cl covered Au(001) surface with Θ = 1/2. Similar to Eq. (5), the
energy of a configuration with nVac − 1 Cl vacancies plus an addi-
tional Cl vacancy, which is far away from the Auad dimer, can be
written as
ΔE∗2 (nVac,μCl) = ΔE2(nVac − 1,μCl) + EVacCl(μCl). (8)
Figure 3(a) displays ΔE2 as a function of μCl for fixed values of
nVac. Dashed lines correspond to the energyΔE∗2 in Eq. (8). The equi-
librium Cl coverage and configurations for the Auad dimer follow
from the lower envelope of the curves.
The data are summarized in Fig. 3, together with lowest energy
configurations. We find a chain-like (AuadCl2)2 structure to be sta-
ble for μCl > −0.86 eV, with the two Auad atoms residing on bridge
positions of the Au substrate lattice (the separation between the Au
adatoms of the two AuadCl2 amounts to 4.05 Å, which is distinctly
larger than the Au–Au nearest neighbor separation of the epitaxial
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FIG. 3. (a) Δ E2 at a fixed number of Cl vacancies as a function of μCl. Dotted lines
denote ΔE∗2 (nVac, μCl) from Eq. (8). The atomic geometries of the lowest energy
configurations for the Auad dimer in the presence of nVac = 0 and 3 Cl vacancies
are shown in (b). Four white circles denote the positions of the vacancies. nVac is
equal to 3 due to the additional Cl adsorbed at the Auad–Auad bridge site.
sites on the unreconstructed Au(001) surface and only 2.6% smaller
than the Au–Au second nearest neighbor separation). AuadCl2 form-
ing dimers and chain-like structures has been observed by STM on
the (√3 ×√3)R○30-Cl Au(111) surface by Andryushechkin et al.48
Due to the different substrate orientation, their Auad–Auad separa-
tion, calculated with DFT, amounts to 3.56 Å. Most importantly, we
find for the Au(001) surface that the equilibrium structure of the
Auad dimer and the adsorbed Cl atoms changes drastically for Cl
chemical potential μCl < −0.86 eV. At these more negative values of
μCl, the separation between the Au adatoms amounts to 3.04 Å, i.e.,
they occupy epitaxial nearest neighbor positions on the Au(001) sur-
face (the separation is 3.6% larger than the Au–Au nearest neighbor
distance on the unreconstructed clean Au(001) surface). A single Cl
atom is adsorbed at the bridge site of the dimer. This geometry is
consistent with the one described by Mesgar15 for low Cl coverages.
Auad dimers without an adsorbed Cl atom are, by far, unstable (see
the supplementary material).
For one Cl vacancy, the difference between ΔE2 and ΔE∗2 is
about 40 meV. In the case of two and three Cl vacancies, the differ-
ence amounts to 100 meV and 160 meV. This difference decreases
to −5 meV for the case of four Cl vacancies; in this case, the
dotted line lies below the calculated curve. While this implies for
nVac = 4 that there are other adsorption configurations (maybe in a
larger SUC) which have a lower energy, the difference between ΔE2
and ΔE∗2 is too small to be relevant.
To this point, we have calculated the stability of the Cl struc-
tures as a function of μCl. Now one question arises: How large is
the binding energy of the Auad dimer on the c(2 × 2)-Cl Au(001)
surface? We consider two AuadCl2 monomer complexes, initially far
away from each other, that diffuse on the c(2× 2)-Cl Au(001) surface
and eventually form an Auad dimer. The binding energy is given by
the energy difference between the equilibrium structures of the Auad
dimer plus the Cl covered surface without any Au adatom minus the
energy of two Auad monomers,
Ebind(μCl) = min
nVac
[E0(2,Nsite/2 − nVac,Nsite) + nVac(ECl2/2 + μCl)]
+ min
n′Vac




+n′′Vac(ECl2/2 + μCl)]. (9)










[ΔE1(n′′Vac,μCl) + E0(1,Nsite/2,Nsite)], (10)
where Δ E0(nVac, μCl) is defined as
ΔE0(nVac,μCl) = E0(0,Nsite/2 − nVac,Nsite) − E0(0,Nsite/2,Nsite)
+nVac(ECl2/2 + μCl). (11)
E0(0, Nsite/2, Nsite) is chosen a reference energy and corresponds to
the total energy of the c(2 × 2)-Cl Au(001) surface with Θ = 1/2,
i.e., nVac = 0. This is the equilibrium coverage (in the case of our
T = 0 K calculation) for μCl > −0.94 eV; thus, ΔE0 is equal to zero
in this range. At values of μCl > −0.86 eV, where the most stable
configurations of the Auad monomer and Auad dimer have no Cl
vacancies (i.e., nVac = 0), Ebind simplifies to
Ebind(μCl > −0.86eV) = E0(2,Nsite/2,Nsite) + E0(0,Nsite/2,Nsite)
− 2 E0(1,Nsite/2,Nsite). (12)
The binding energy as a function of μCl is shown in Fig. 4.
For μCl > −0.86 eV, the absolute value of the binding energy
of the (AuadCl2)2 dimer amounts to only 0.064 eV (≈2.5 kBTroom).
For more negative values of μCl, the absolute value of the binding
energy of the dimer increases up to 0.23 eV (≈9 kBTroom). This means
FIG. 4. Binding energy of an Auad dimer on the c(2 × 2)-Cl Au(001) surface as a
function of μCl.
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that the Auad dimer is distinctly stabilized by the presence of Cl
vacancies.
For processes at solid–liquid interfaces, activation energies
depend on the electrode potential.6,49,50 This can be taken into
consideration via an interaction energy −μz Ez between the dipole
moment μ of the surface defect with the electric field in the elec-
trolyte at the surface.6,50,51 Using our calculated electric dipole
moments, we have investigated the relative energy variation among
the adsorbate configurations on Au(001) with the same number of
Cl and Au adatoms. If we restrict ourselves to those structures, i.e.,
the number of Cl vacancies nVac, that occur as equilibrium struc-
tures in Figs. 2 and 3 (hence omit, e.g., the Au ad-dimer with nVac
= 1), we find that for an electric field Ez between about −0.4 V/Å
and +0.4 V/Å,51,52 the lowest energy atomic configuration does not
change. However, for larger ∣Ez ∣,3,53,54 the lowest energy configura-
tion changes in some cases. Roughly speaking, the main effect is that
the energy of structures with Cl on top of Auad adatoms or at the
bridge site of Auad ad-dimers decreases with respect to the energy of
respective (AuadCl2)n ad-structures in the case of sample potential
more negative than the potential of zero charge. For a correction of
the binding energy in Fig. 4 with respect to the electric field at the
surface, the interrelations between Cl chemical potential, ion activ-
ities in the electrolyte, electric field, and sample potential would be
required.44,55–57 In the following, we confine ourselves to the sim-
pler case of two reactions, where two AuadCl2 monomers form an
ad-dimer without exchange of Cl with the electrolyte. Furthermore,
we restrict ourselves to a small absolute value of the electric field
(e.g., ∣Ez ∣ < 0.4 V/Å) such that the equilibrium Cl adsorption con-
figuration does not change. If a (AuadCl2)2 chain is formed without
any Cl vacancy in the c(2 × 2)-Cl adlayer (i.e., neither in the case of
the surface without an Au adatom nor in the case of the monomer
nor the dimer), the dipole moment change is small, −0.02 eÅ, and
the effect on the binding energy is negligible. We remark that this
will not hold true anymore when the electric field −Ez is sufficiently
large so that other local Cl adsorption structures are preferred. If two
AuadCl2 monomers with nVac = 1 and nVac = 2 bind and form a dimer
with nVac = 3 on an, elsewise, fully c(2 × 2)-Cl covered Au(001) sur-
face, the dipole moment change amounts to −0.18 eÅ. In this case,
the energy variation is not negligible, it amounts to about ±0.07 eV
for Ez = ±0.4 V/Å. Within the present paper, however, we have to
omit these effects evoked by the electric field at the electrochemical
surface.
D. Auad trimer and tetramer
Island formation requires the attachment of further Au
adatoms. Therefore, calculations for small Auad nanoclusters are
worthwhile. Due to the large number of possible atomic config-
urations of the Au and Cl adatoms, a comprehensive sampling
of the configuration space is computationally not feasible. We
present DFT calculations for selected structures of Auad trimers
and tetramers on the c(2 × 2)-Cl Au(001) surface, which have
been inspired by the calculated equilibrium structures of the Auad
monomer and dimer presented above. Due to computational lim-
itations, we restrict nVac to 0, 1, and 2 Cl vacancies. We empha-
size that larger number of vacancies attached to the trimer or
tetramer are to be expected in equilibrium configurations. Nonethe-
less, despite the limited range of nVac investigated here, there are
FIG. 5. Ground state adsorption configurations for the Auad tetramer with nVac = 0
(a) and nVac = 1 (b) Cl vacancies.
trends for the binding energy which can be derived from the present
results.
On the Cl covered surface with nVac = 0, we still find chain-like
structures of AuadCl2 monomers as depicted in Fig. 5(a) to be sta-
ble. The attachment of an AuadCl2 monomer to an (AuadCl2)2 dimer
results in an energy gain of 0.065 eV (≈2.5 kBTroom). The energy
gain by attachment of an AuadCl2 monomer to a trimer amounts
to 0.062 eV (≈2.4 kBTroom). We did not find any configurations for
the Auad tetramer, where all Au adatoms occupy epitaxial nearest
neighbor positions, that were stable in comparison to the (AuadCl2)4
in Fig. 5. Energies and geometries of calculated configurations are
listed in the supplementary material.
In the presence of Cl vacancies, the lowest energy configura-
tions of the Auad trimer and tetramer follow a trend already observed
in the case of the dimer: A single Cl adatom is adsorbed on the
bridge site of the Auad dimer. Additional AuadCl2 monomers bind
to the Auad dimer, see, e.g., the Auad tetramer with nVac = 1 in
Fig. 5(b). The separation between Au adatoms of the dimer and the
AuadCl2 amounts to 3.11 Å, which is 6% larger than the Au–Au near-
est neighbor distance. The energy gain due to the attachment of an
Auad tends to increase, and this is attributed to the presence of Cl
vacancies.
For nVac ≤ 2 Cl vacancies, we could not find any ground state
structures resembling compact epitaxial Auad islands. Analogously
to the dimer, one may speculate that more compact Au adatom
structures might occur in the presence of a larger number of Cl
vacancies. We observe a trend that there is a transition from AuadCl2
chain-like configurations at nVac = 0 to structures, in which some of
the Au adatoms occupy Au–Au nearest neighbor positions on the
Au(001) surface, in the presence of Cl vacancies.
IV. CONCLUSIONS
Using density functional total energy calculations, we have
investigated the ground state configurations for (Auad)n clusters for
n ≤ 4 on the c(2 × 2)-Cl Au(001) surface including Cl vacancies
for a selected set of configurations (see the supplementary material).
Water layers and effects of the electric field at the surface are not
included in the calculations. The equilibrium structures in the case
of the number of vacancies nVac = 0 consist of (AuadCl2)-chains.
The energy gain due to the attachment of an AuadCl2 monomer
to another monomer or cluster is about 0.06 eV. This implies a
weak bonding between the AuadCl2 monomers with the Au adatoms
staying on the Au(001) bridge sites.
J. Chem. Phys. 152, 084701 (2020); doi: 10.1063/1.5140244 152, 084701-6
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At more negative values of μCl, where Cl vacancies exist in
equilibrium and bind to the (Auad)n cluster, the energy gain due to
the attachment of a monomer increases significantly, e.g., two Au
monomers bind and form a dimer on the surface with an energy gain
of up to 0.23 eV. This is accompanied by a change in Auad adsorption
positions and local Cl adsorption sites.
This result implies that the nucleation of an Au ad-dimer is dis-
tinctly supported by the presence of vacancies in the halide adlayer.
While there are, of course, various parameters that determine the
growth mode, we note that a larger absolute value of the bind-
ing energy of the nucleus is expected to assist the transition from
step-flow to layer-by-layer growth mode. The complete path to the
formation of compact Au islands, however, is an issue for future
research. Furthermore, the effect of the electrolyte in an electro-
chemical environment and the dependence on sample potential still
have to be accounted for. Nonetheless, this work highlights the dif-
ferences and complications which arise due to the presence of the
halide coadsorbates—as opposed to the case of Au island nucleation
in molecular beam epitaxy on the clean surface—and emphasizes the
decisive role the halide vacancy concentration may play not only for
diffusion24 but also for the energetics of island nucleation.
SUPPLEMENTARY MATERIAL
See the supplementary material for (i) an overview of several
atomic configurations of Cl adlayers for chlorine coverage between
1/16 and 1/2, and (ii) a survey of calculated atomic configurations of
(Auad)n with n ≤ 4 on a c(2 × 2)-Cl Au(001) surface.
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6. Summary and Outlook
The atomic-scale structure of the metal/electrolyte interface can affect the surface transport
of deposited atoms, hence the growth behavior and the resulting morphology of a thin film.
The role of adsorbing species (e.g. halides) from the electrolyte during electrodeposition
processes is of particular interest. The enhancement of surface mobility has been attributed
to the coadsorbed halide species along with the sample potential. Due to the high mobility of
metallic atoms in electrochemical conditions, atomic-scale processes such as self-diffusion of
metal atoms cannot be studied by direct STM observation as in the case of sulfide diffusion.
Thus, available information from experiments are scarce about the kinetics mechanisms
for metal adatoms at electrochemical environment which determine thin film growth e.g.
self-diffusion rates, formation of a nuclei and adsorption positions. Model calculations of
elemental processes from first principles are therefore of great importance to elucidate the
influence of coadsorbed species during electrodeposition.
The objective of this thesis was to investigate growth and nucleation for Au(001) homoepi-
taxial electrodeposition in Cl containing electrolytes by means of density functional theory
(DFT) calculations. Especially, the core of this work were the effect of Cl coadsorbates on
the atomic-scale processes: self-diffusion of Au adatom (Auad) and nucleation of Au islands.
This work conveys the evolution of the potential energy landscape of Au adatoms due to
the presence of Cl coadsorbates, which results in more complex atomic processes than in
the clean surface.
The rapid diffusion of Au adatoms on the terrace supports the step-flow growth mode.
Thus, DFT calculations of diffusion mechanisms for Au adsorbed on Cl covered Au(001)
surfaces were carried out. Concerning nucleation, the stable structures of small Auad
clusters on Cl covered surfaces were identified. For self-diffusion and nucleation processes
the knowledge of the equilibrium Cl coverage and adlayer reconstructions, as well as the
local binding topology of Au adatoms on Cl covered unreconstructed Au(001) surfaces





2)R45◦ with Cl coverage of 1/2 have been addressed. DFT calculations confirmed
that the lowest energy adsorption site for 2 (2 × 2)-Cl adlayer is the bridge position of the
unreconstructed Au(001) surface. The difference between both adlayer structures relies
on the distances to neighboring Cl adatoms. Furthermore, experimental surface chloride
coverage increases steeply within the potential range of homoepitaxial growth. Therefore,
the presence of Cl vacancies in the adlayer structures was considered. The adsorption energy





difference between the energies are below the accuracy of the DFT calculations. Regarding
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the stability of Cl adlayer structures, these represent the minimum energy and are therefore
expected to arise along the values of Cl chemical potential ranging from -0.94 to -0.35 eV.
As small metal complexes (e.g. Ag3S3 complex [293]) have been related as carriers in mass
transport, low total energy structures and diffusion paths of Au–Cl complexes have been
evaluated on unreconstructed Au(001) surfaces disregarding the presence of Cl coadsorbates.
Among these simple systems the AuCl2 complex becomes stable for values of `Cl from -1.03
to -0.35 eV, and diffuses with an activation barrier of 0.07 eV. The formation of a AuCl2
complex leads to a significant reduction of the diffusion barriers of single Au and Cl adatoms
on the clean unreconstructed Au(001) surface, which amount to 0.27 and 0.14 eV respectively.
To account for the specific adsorption of Cl atoms, low total energy configurations of a
Au adsorbed on Cl covered Au(001) surfaces with Θ = 1/2 were examined. Both structures




2)R45◦ were considered. This survey has revealed that the energetically
preferred configurations for both ordered adlayers comprise those with Auad located at
bridge site of the substrate. In the presence of Cl coadsorbates a AuadCl2 complex is formed.
Conversely, the lowest energy position of Auad on the clean surface is the hollow site.
This difference illustrates the strong influence of the Cl adlayer on the binding properties
and energies of a Auad. Additionally, the presence of Cl vacancies was considered which
also resulted in a AuadCl2 complex at bridge site of the substrate for the lowest energy
configurations. Due to the presence of a Cl vacancy the potential energy surface exhibits
a multitude of local energy minima. For example in the 2 (2 × 2)-Cl adlayer local energy
minima are within a range up to 0.19 eV of the lowest energy configuration.
During the diffusion of a Auad from a lowest energy site to another the surrounding Cl
coadsorbates can form Au–Cl complexes as well as rearrange their positions in the vicinity





2)R45◦-Cl Au(001) surfaces at coverage of 1/2 and in the presence of a Cl vacancy
are summarized in Tab. 6.1. An increase in the activation barriers is observed with respect to
the energy barrier for AuadCl2 complex on the clean surface, which can be attributed to the
repulsion between Cl adsorbates. In particular, for the diffusion of Auad on the fully covered
2 (2 × 2)-Cl Au(001) surface the lowest activation barrier corresponds to the dissociation
of AuCl2 complex into a AuCl complex and a Cl adatom. The activation barrier act for
this diffusion mechanism amounts to 0.44 eV. If a Cl vacant site is considered in the Cl
adlayer, the diffusion mechanisms involve elementary movement of AuadCl2 complex and Cl
vacancy separately which results in several diffusion steps. The related activation barriers
are approximately half as large as those for fully covered Cl adlayers. For the 2 (2 × 2)-Cl
Au(001) surface with a Cl vacancy act amounts to 0.26 eV. Hence, the presence of a Cl
vacancy promotes the Au self-diffusion.
In electrochemical experiments [50, 57, 298] an increase of Au surface mobility in the
potential regime of the unreconstructed Au(001) surface has been attributed to a change
of the applied sample potential towards positive values. The effect of electric field in the
electrolyte has been estimated from the change of the adsorbate dipole moment relative
to the adsorption site along the diffusion paths. The electrostatic contribution due to an
electric field and the change of dipole moment at the transition state is added non-self-
consistently to the DFT activation barriers. The dipole moment change at transition state
comes out negative for all diffusion paths of Au adatom on Cl covered Au(001) surfaces
122
Table 6.1.: Comparison of activation barriers act (eV) and variation of dipole moment Δ `
(eÅ) at transition state for Auad on Cl covered (1 × 1)-Au(001) surfaces with
Θ = 1/2 and containing one Cl vacancy and for AuadCl2 on the clean (1 × 1)-
Au(001) surface. vacCl refers to one Cl vacancy.
Au(001) surface act (eV) Δ ` (eÅ)
AuadCl2 clean 0.07 -0.12
Auad
2 (2 × 2)-Cl













within this work, which implies an increase of the energy barrier with the sample voltage.
In that case the acceleration of Au island coarsening with the sample potential [57] as
well as the transition between layer-by-layer and step-flow growth mode as a function of
sample potential observed in [50] would require alternative explanations beyond the sample
potential dependence of the Auad diffusion energy barrier on terraces. The sample voltage
dependence of the dissociation of Au adatoms from islands as well as the island nucleation
could play a role.
The nucleation of Au islands on the Cl covered Au(001) electrode surface starts with the
binding of two AuadCl2 complexes. As a first step, low total energy configurations of Auad
dimer on 2 (2 × 2)-Cl Au(001) with Cl coverage 1/2 and with several number of Cl vacancies
in the Cl adlayer have been evaluated. In the absence of vacant sites in the Cl adlayer
AuCl2-chains are formed on the surface with a Au–Au separation of about a lattice constant.
If Cl vacant sites become part of the equilibrium atomic adsorption structure, structural
changes take place i.e. Au adatoms occupy epitaxial sites of the substrate with a Cl on the
bridge site of the dimer. In this case, the energy gain due to the addition of a Au monomer
increases from about 0.06 eV to about 0.23 eV. Hence, the presence of Cl vacancies tends to
promote Au ad-structure formation. The raise of energy gain may support the transition
from step-flow to layer-by-layer growth mode.
This work evidences the formation of equilibrium Au–Cl structures on Cl covered unre-
constructed Au(001) surfaces. These illustrate that coadsorbates can form metal complexes
as well as participate actively in the diffusion mechanisms. Therefore, strong differences
between Cl covered and clean Au(001) surfaces are manifested, for example, low energy
adsorption sites and diffusion paths. This study reveals that the density of Cl vacancies in
the adlayer affects the self-diffusion of Auad and nucleation of Au islands on Cl covered
Au(001) surfaces.
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A natural way to extend the studies presented in this thesis are to include the effects
of explicit water layers and cations. These features will be necessary to understand the
dependence on sample potential and the role of the electrochemical environment in atomic
processes during deposition. First insights of water effects within this work pointed out
that lowest energy configurations of water on 2 (2 × 2)-Cl Au(001) surfaces are hexagon-
like. Model calculation of further elemental processes such as diffusion across a step and
detachment from an island will be necessary to examine the effect of Cl coadsorbates in
epitaxial growth. The results of such model calculations and the ones presented here could
lead to the generation of rate constant data for large scale kMC simulations of Au(001)
homoepitaxial growth in electrochemical environment.
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A.1. Au–Cl Complex on Clean Unreconstructed Au(001)
Table A.1 lists the configurations of Au–Cl complexes with =Cl =1, 2, 4 adsorbed on clean
unreconstructed Au(001). Energy differences di,1 are calculated using Eq. (4.1) defined in
Chapter 4 for values of `Cl corresponding to Θ = 1/16.
The adsorption configurations have been calculated by means of DFT using Quantum
Espresso package [117, 118]. The Au surfaces have been modeled by six metal layers. The
periodically repeated slabs are separated by a vacuum region of 13 Å. Asymmetric slabs have
been chosen, i.e., the adsorbate binds to a single side of the slab only. A dipole correction is
applied in order to account for the work function difference between the opposite surfaces
of the slab [111, 112]. A ? (4 × 4) surface unit cell (SUC) has been used with (4 × 4 × 1)
Monkhorst-Pack grid of special :-points [107]. Denser :-point meshes produce a variation
of di,1 of about 0.01 eV.
Table A.1.: Adsorption configurations of AuCl on Au(001) surface. Black squares denote the
? (4 × 4) SUC.
=Cl Configuration di,1(`Cl,Θ=1/16) (eV)
1 -0.01 (+0.011)
Continued on next page
1Result obtained with (6 × 6 × 1) Monkhorst-Pack grid of special :-points
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Continued on next page
2Result obtained with (6 × 6 × 1) Monkhorst-Pack grid of special :-points
126
A.1. Au–Cl Complex on Clean Unreconstructed Au(001)
Table A.1 - Continued from previous page







A.2. Supplementary Material from Publication J. Chem. Phys.
151, 064709 (2019), Copyright (2019) by AIP Publishing
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S.1 Convergence analysis
The density functional calculations in this work have been carried through with the program PWscf
from the Quantum ESPRESSO package [1, 2] (together with PLUMED [3] for metadynamics). The
calculations are described in the main paper.
All relaxations have been carried through at a plane-wave cutoff energy of 30 Ry (a lower cutoff
energy was used for molecular dynamics or metadynamics simulations only). Larger values of the
cutoff energy produce a variation in energy less than 2 meV for the diffusion of Cl vacancy on c(2×2)-
Cl Au(001) surface. Convergence tests (with respect to the number of layers, k-points and surface
unit cell (SUC)) have been carried through in order to estimate the accuracy of the energy differences
along the diffusion paths. Three different diffusion mechanisms have been chosen for the convergence
analysis: diffusion of Auad on c(2 × 2)-Cl via hollow site (see Fig. 3(b) in main text), Cl vacancy
diffusion on c(2× 2)-Cl (see Fig. 5), and a step of the diffusion path of Auad on c(2× 2)-Cl with a Cl
vacancy (see Fig.7(b)).
S.1.A Auad / c(2× 2)-Cl Au(001)
The hopping of Auad via hollow on the Cl covered Au(001) surface yields an activation energy of 0.44
eV. The Clc atom, bound to the Auad, moves towards the top position of the Auad along the diffusion
path (see local minimum Fig. 3(b)). In Fig. S1, the variation of the total energy between the initial
and local minimum (LM) configuration computed with a (4×4) and a (6×6) SUC are compared. We
observe the largest difference ∼ 0.07 eV between the calculations with 4 and 6 Au layers and a (6× 6)
SUC. At a fixed number (4 or 6) of layers, the calculations yield an error ∼ 0.03 eV with respect to
the convergent value. Denser k-point meshes produce a variation of roughly 0.01 eV for each SUC.
Increasing the vacuum thickness to 17Å ∆E varies less than 5 meV. In Fig. S2 the variation of energy
along the diffusion path is presented, the results are summarized in Tab. S1. The largest difference of
the energy barrier EB is between 4 and 6 layer with the (6× 6) SUC and amounts to roughly 0.03 eV.
In case of the induced dipole moment the difference between both SUC is about 0.02 eÅ, as well as
for the difference at transition state presented in Tab. S1 .
Path # of layers k-points SUC EB /meV ∆µB / meÅ
AuadCl2→AuadCl
4 (4× 4× 1) (4× 4) 420 -173
6 (4× 4× 1) (4× 4) 424 -176
4 (3× 3× 1) (6× 6) 445 -193
6 (3× 3× 1) (6× 6) 417 -198
Table S1: Energy barrier and dipole moment difference at the transition state for the configurations presented
in Fig. S2.
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Figure S1: Convergence test for hopping of Auad via hollow on c(2 × 2)-Cl Au(001). Top: energy difference
between the local minimum and the initial configuration in Fig. 3(b) of the main text versus the number
of layers in the Au substrate. Bottom: dipole moment difference between the local minimum and the initial
configuration. In case of the 4 layer Au slab the topmost 2 Au layers have been relaxed, as well as the adatoms
positions. In case of the 6 layers Au slab the topmost 4 layers have been relaxed. For (6× 6) SUC two 5 layer
slabs have been created by either adding a bulk layer to 4 layer slab or removing the bottommost Au layer from
the 6 layer slab. All slabs with more than 6 layers have been created by adding bulk layers, while all atomic
positions have been kept fixed.
Figure S2: Convergence test with respect to the substrate layer thickness and k-point mesh. Diffusion path of
the Auad on c(2× 2)-Cl Au(001) via a hollow site of the substrate. Variation of the energy along the path has
been obtained by a Nudged Elastic Band (NEB) calculation for the 4 and the 6 layer Au slabs with a (4 × 4)
SUC and for the 4 layer Au slab with a (6 × 6) SUC. A DFT calculation for frozen atomic coordinates was
performed for the 6 layer Au slab in a (6 × 6) SUC by adding two bulk layers to the 4 layer Au slab. 30 Ry
plane-waves cutoff energy, 13 Å vacuum layer thickness.
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S.1.B Cl vacancy / c(2× 2)-Cl Au(001)
The diffusion path of a Cl adatom into a neighboring vacant site is displayed in Fig. 5 of the main
text. The calculation with a 6 layer Au slab and (6×6) SUC gives a diffusion energy barrier of 0.18
eV and a very small energy difference between the initial and the local minimum (LM) configurations
of 0.04 eV at these convergence parameters. In Fig. S3, the total energy difference between the initial
and the local minimum (LM) configurations calculated with a (4×4) and a (6×6) SUC are compared.
The values for ∆ E are roughly 12 meV with 10 Au layers slab for both surface unit cells. Denser
k-point meshes produce a variation less than 0.01 eV for each SUC, while a thicker vacuum region of
∼ 21Å produces only minimal variations. The uncertainty for the 6 layers Au slab with a (6×6) SUC
is roughly 0.03 eV, which is larger than the converged value of ∆E ≈ 0.01eV. However, an accuracy
of 0.03-0.04 eV is sufficient for the calculation of the energy barrier. The values of dipole moment
differences are between -20 meÅ to -10 meÅ. The variation of energy along the diffusion path is shown
in Fig. S4, activation energy barrier and the variation of the dipole moment at the transition state are
summarized in Tab. S2. The accuracy of the energy barrier amounts to 15 meV for a 6 layers Au slab
with a (6× 6) SUC. In case of the induced dipole moment, the estimated accuracy amounts to about
15 meÅ.
Figure S3: Convergence tests for diffusion of a Cl vacancy on c(2 × 2)-Cl Au(001) (see Fig. 5 in the main
text). Top: energy difference between the initial and the intermediate configuration versus the number of layers.
Bottom: dipole moment difference between the initial and intermediate configurations. In case of the 4 layers
Au slab the topmost 2 layers have been relaxed. In case of the 6 layers Au slab the topmost 4 layers have been
relaxed. Configurations of 5 layer slabs have been created by removing the bottommost Au layer from the 6
layer slab. All slabs with more than 6 layers have been created by adding bulk layers, while all atomic positions
have been kept fixed.
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Figure S4: Convergence test with respect to the substrate layer thickness and k-point mesh. Diffusion path of
the Cl vacancy on c(2× 2)-Cl Au(001). The variation of energy along the path has been obtained by a Nudged
Elastic Band (NEB) calculation for a 4 and a 6 Au layers slab with a (4× 4) SUC, and a 6 Au layers slab with
a (6× 6) SUC. 30 Ry cutoff energy, 13 Å vacuum.
Path # of layers k-points SUC EB /meV ∆µ / meÅ
Initial→ Intermediate
4 (4× 4× 1) (4×4) 171 -15
6 (4× 4× 1) (4×4) 187 -11
6 (3× 3× 1) (6×6) 182 -6
8 (3× 3× 1) (6×6) 175 -21
10 (3× 3× 1) (6×6) 168 -20
Table S2: Energy barrier and dipole moment difference at the transition state for the configurations presented
in Fig. S4. For the 8 and the 10 Au layers slabs DFT calculations for frozen atomic coordinates have been
performed in a (6× 6) SUC by adding two bulk layers to the 6 Au layers slab.
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S.1.C Auad / c(2× 2)-Cl Au(001) with Cl vacancy
Furthermore, convergence has been tested for the diffusion step depicted in Fig. S5, which is part of
the diffusion path of Auad on the c(2 × 2)-Cl Au(001) surface in the presence of a Cl vacancy as
shown in Fig. 7(b) of the main text. In Fig. S6 the energy difference between the initial and the
intermediate configuration is plotted versus the number of layers. The largest difference with respect
to the converged value amounts to 0.04 eV and the dipole moment difference ranges between -5 to +5
meÅ. The variation of energy along the diffusion path is shown in Fig. S7, energy barrier and variation
of the dipole moment at the transition state are summarized in Tab. S3. It is observed that the energy
barrier has an accuracy better than 15 meV. The variation of the dipole moment at the transition
























Figure S5: Diffusion of Clad to a vacant site in the presence of AuadCl2 complex on c(2× 2)-Cl Au(001) from
Fig. 7(b) in the main text. The squares represent the (6×6) SUC. The diffusion path is indicated schematically
by arrows.
Path # of layers k-points SUC EB /meV ∆µB / meÅ
Initial→ Intermediate
4 (3× 3× 1) (6×6) 168 -12
6 (3× 3× 1) (6×6) 180 -10
8 (3× 3× 1) (6×6) 174 -14
10 (3× 3× 1) (6×6) 167 -10
Table S3: Convergence test of the energy barrier and the variation of dipole moment at the transition state.
For the 8 and the 10 Au layers slabs DFT calculations for frozen atomic coordinates have been performed in a
(6× 6) SUC by adding two and four bulk layers, respectively, to the 6 layer Au slab calculation, see Fig. S7
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Figure S6: Convergence test with respect to the substrate thickness. Top: energy difference between the
initial and the intermediate configuration (see Fig. S5) versus the number of layers. Bottom: dipole moment
difference between the initial and the intermediate configurations. In case of the 4 layer Au slab the topmost 2
Au layers have been relaxed. In case of the 6 layer Au slab the topmost 4 Au layers have been relaxed. The 5
layer Au slab configuration has been created by removing the bottommost Au layer from the 6 layer Au slab.
All slabs with more than 6 layers have been created by adding bulk layers, with all atomic positions fixed.
Figure S7: Convergence test with respect to the layer thickness of the substrate. Diffusion energy path of the
Clad on c(2× 2)-Cl Au(001) in the presence of a AuadCl2 complex (see Fig. S5). The variation of energy along
the path has been obtained by NEB calculation for the 4 and the 6 layer Au slabs. 30 Ry cutoff energy. The 8
layers Au slab has been created by adding bulk layers, with all atomic positions fixed.
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S.2 Adsorption configurations of Auad on Cl covered Au(001)
In order to find the global and local minimum energy configurations we have performed Metadyna-
mic-MD simulations in combination with ionic relaxations to find adsorption configurations in addition
to configurations chosen by chemical intuition. Metadynamic-MD simulations have been performed
for the fully Cl covered Au(001) surface and a Cl covered Au(001) surface with a Cl vacancy. For each
case we have started from a local minimum energy configuration. Also adsorption configurations with
different local number of Cl adatoms on the chlorine covered Au(001) surface have been calculated,
results will be summarized elsewhere. In this paper we present only two cases: fully Cl covered Au(001)
and Cl covered Au(001) surface with a Cl vacancy.
S.2.A Cl covered Au(001) without a Cl vacancy
In the present section we give an overview of the most relevant calculated adsorption configurations




2)R45◦-Cl covered Au(001) surface. Calculations
for both adlayer reconstructions have been performed for a Cl coverage Θ = 1/2. The adsorption
configurations in Tab. S4 and S5 have been calculated with 4 Au layers and (3 × 3 × 1) k-points, 30
Ry of cutoff energy and 13 Å vacuum region.
S.2.A.1 Auad / c(2× 2)-Cl
In Tab. S4 the energy for a Auad on c(2 × 2)-Cl Au(001) with reference to the lowest adsorption
configuration is presented. For this coverage and Cl adlayer the configuration 1 was identified as the
global energy minimum.
Table S4: Adsorption configurations for Au adatom on c(2× 2)-Cl covered Au(001) with Θ = 1/2.
Configuration ∆ E / meV Configuration ∆ E / meV
0(ref.) 294
369 404
Continued on next page
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Configuration ∆ E/ meV Configuration ∆ E/ meV
520 571









2)R45◦-Cl covered Au(001) surface with reference
to the lowest adsorption configuration is presented. For this coverage and Cl adlayer the configuration
1 was identified as the global minimum.




2)R45◦-Cl covered Au(001) with Θ = 1/2.





S.2.B Cl covered Au(001) with a Cl vacancy
The adsorption configurations in Tab. S6 and S7 have been calculated with 4 Au layers and (3××1)
k-points, 30 Ry cutoff energy and 13 Å vacuum region.
S.2.B.1 Auad / c(2× 2)-Cl
In Tab. S6 the energy of the local minimum energy configurations with reference to the proposed
global minimum configuration is presented for a Au adatom on the c(2×2)-Cl covered Au(001) surface
with a Cl-vacancy.
Table S6: Adsorption configurations for Au adatom on c(2× 2)-Cl covered Au(001) with a Cl vacancy.
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In Tab. S7 the energy of the local minimum energy configurations with reference to the proposed global





surface with a Cl vacancy.




2)R◦45-Cl covered Au(001) with a Cl vacancy.
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S.3 Water adlayer on Cl covered Au(001)
S.3.A Rectangular water layer
We started from the rectangular water structure as described by Lin and Groß in Ref. 4. The H and
O atoms, as well as the halogens and metals atoms, are represented by ultrasoft pseudopotentials
from the open-source GBRV library [5]. These pseudopotentials are different from those used in the
VASP calculations in Ref. 4 and the cutoff energy required for the present calculation needs to be
determined. We have put the rectangular water layer on top of the clean and Cl covered Au(001)
surface as depicted in Fig. S8. The adsorption energy of water molecules has been defined:
EH2Oads =
(
E x Cl+nH2O/Au(001) − E x Cl/Au(001) − nEH2O
)
/n (1)
where x is the number of Cl atoms in the SUC, and n is the number of water molecules. Similarly,
the adsorption energy of Cl has been defined:
EClads =
(





There are two adsorption positions for water molecules on the clean Au(001) surface, bridge and top
sites. It has been pointed out in Ref. 4 that the adsorption energy difference between both sites is
very small. We found an analogous result for the Cl covered Au(001) surface. For simplicity we have
considered only the top site for the determination of the converge parameters.
Top Bridge
clean Au(001) c(2×2)-Cl / Au(001) clean Au(001) c(2×2)-Cl / Au(001)
Figure S8: Water adlayer structures with H2O molecules on top (t) and bridge (b) site of the clean Au(001)
and Cl covered Au(001) surfaces. Black squares denote the (2× 2) SUC. The two bottommost Au layers have
been fixed, the remaining Au layers and adsorbates have been allowed to relax.
The adsorption energy as a function of the plane-wave cutoff energy is shown in Fig. S9. A calcu-
lation with 30 Ry results in an accuracy of 0.01 eV for EH2Oads , which refers to one H2O molecule. In
Fig. S10 the H2O and Cl adsorption energy defined above are shown as a function of the number of
Au layers in the slab. Due to the ionicity of the Cl− the Cl adorption energy is more suceptible to
the number of substrate layers. For a 6 layer Au slab the calculation yields an error ∼ 15 meV with
respect to the converged value.
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Ry
Figure S9: Convergence test with respect to the cutoff energy. Adsorption energy of H2O on a c(2 × 2)-Cl
Au(001) surface for a 4 layer Au slab and a (2 × 2) SUC with a k-point mesh of (12 × 12 × 1) and a vacuum
thickness of 17 Å. In case of the calculation with 30 Ry cutoff the topmost 2 Au layers as well as the adsorbates
(Cl and H2O molecules) have been ionically relaxed. For all other calculations in this diagram the atomic
positions have been kept fixed at this geometry.
Figure S10: Top: Adsorption energy of H2O versus number of layers. Bottom: Adsorption energy of Cl
versus number of layers. For each calculation the two bottommost Au layers have been fixed to their bulk
position, the remaining Au layers and adsorbates have been ionically relaxed in a (2×2) SUC with (12×12×1)
k-points mesh and a vacuum thickness of 17 Å. In case of the 10 layers slab a DFT calculation for frozen atomic
coordinates has been performed by adding two bulk layers to the 8 Au layers slab.
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S.3.B Water adlayer on Cl covered Au(001) with a vacancy
S.3.B.1 Structure of the water layer
To allow for different relaxation patterns, we have performed calculations within a (4×4) SUC with 16
water molecules and a (6× 6) SUC with 36 water molecules. For both unit cells the atomic geometry
of the substrate and the Cl adlayer has been fixed, while water molecules have been ionically relaxed.
In Fig. S11 water configurations with their corresponding adsorption energies are presented. Both unit
cells contain hexagonal H2O rings, in case of the (6× 6) SUC rectangular H2O rings are also present.
In the (6×6) SUC water molecules adsorb with an energy of 0.47 eV, and they adsorb with an energy
of 0.49 eV per H2O molecule in the (4× 4) SUC.
ClCl
(6×6) (4×4) (4×4)
-0.47 eV -0.49 eV -0.49 eV
Figure S11: Water structure on Cl covered Au(001) with a Cl vacancy. The black squares represent the
surface unit cell. The Au slabs contain 6 layers and a vacuum layer with a thickness of 13 Å. For the Brillouin
zone integration a (4× 4× 1) k-point mesh for the (4× 4) SUC, and a (3× 3× 1) k-point mesh for the (6× 6)
SUC have been used. For (4× 4) SUC we obtain two water layers, which are slightly displaced from each other.
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S.3.B.2 Diffusion of Cl vacancy on c(2× 2)-Cl Au(001) in contact with water
In vacuum the diffusion path of a Cl adatom into a neighboring vacant site is symmetric with respect
the intermediate state as shown in Fig. 5 of the main text. However, in contact with the water layer
the diffusion path of the Cl adatom no longer possesses this symmetry. For this reason, in this work
we have calculated the diffusion of the Cl adatom for two different initial positions of the Cl vacancy
as shown in Tab. S8. Specially, the difference consists in the orientation of the water molecules close
to the diffusing Cl adatom. Furthermore, two positions of the water layer, slightly displaced with
respect to each other, have been considered, resulting in a total of four diffusion paths. In Tab. S8
the energy and dipole moment with respect to the lowest energy configuration of the initial state are
presented for configurations along the diffusion path of the Cl adatom. For all configurations the
atomic geometries of the substrate and the Cl adlayer have been fixed, while the water molecules have
been relaxed ionically. The vacuum thickness is about 13 Å, increasing the vacuum region to 20 Å
∆E varies less than 3 meV and ∆µ only 2 meÅ.
Table S8: Diffusion of a Cl vacancy on c(2×2)-Cl Au(001) in contact with water. The black squares represent
the (4×4) SUC. The Au slabs contain 6 layers. The two bottomost layers have been fixed to bulk positions. For
the Brillouin zone integration a (4× 4× 1) k-points mesh has been used. Energy and dipole moment differences
correspond to calculations with a vacuum thickness of 13 Å.
Initial Transition State Intermediate
No Water
∆ E / meV 0 187 55




∆ E / meV 0 (ref.) 190 68
∆µ /meÅ 0 (ref.) -5 4
Continued on next page
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Initial Transition State Intermediate
Water 01 Cl Cl
Cl
∆ E / meV 88 228 68




∆ E / meV 12 205 98
∆µ /meÅ -5 -8 -12
Water 02 Cl Cl
Cl
∆ E / meV 94 287 98
∆µ /meÅ -173 -179 -12
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S. Poncé, D. Rocca, R. Sabatini, B. Santra, M. Schlipf, A. P. Seitsonen, A. Smogunov, I. Timrov,
T. Thonhauser, P. Umari, N. Vast, X. Wu, and S. Baroni. Advanced capabilities for materials
modelling with Quantum ESPRESSO. Journal of Physics: Condensed Matter, 29(46):465901,
2017. ISSN 0953-8984. doi: 10.1088/1361-648X/aa8f79. URL http://stacks.iop.org/0953-
8984/29/i=46/a=465901.
[3] M. Bonomi, D. Branduardi, G. Bussi, C. Camilloni, D. Provasi, P. Raiteri, D. Donadio,
F. Marinelli, F. Pietrucci, R. A. Broglia, and M. Parrinello. PLUMED: A portable plu-
gin for free-energy calculations with molecular dynamics. Computer Physics Communications,
180(10):1961–1972, October 2009. ISSN 0010-4655. doi: 10.1016/j.cpc.2009.05.011. URL
http://www.sciencedirect.com/science/article/pii/S001046550900157X.
[4] X. Lin and A. Groß. First-principles study of the water structure on flat and stepped gold surfaces.
Surface Science, 606(1112):886–891, June 2012. ISSN 0039-6028. doi: 10.1016/j.susc.2011.12.015.
URL http://www.sciencedirect.com/science/article/pii/S0039602811004845.
[5] K. F. Garrity, J. W. Bennett, K. M. Rabe, and D. Vanderbilt. Pseudopoten-
tials for high-throughput DFT calculations. Computational Materials Science, 81:




A.3. Molecular Dynamics Trajectories
In order to explore the potential energy surface (PES) of Auad on Cl covered Au(001) sur-
faces metadynamics method was chosen to accelerate the sampling of traditional ab initio
molecular dynamics (BOMD). In metadynamics, an additional bias potential is added to the
system at regular intervals during the simulation time, which allows the system to escape
beyond high energy barriers. The sampling of the free energy surface (FES) is performed
over a set of collective variables (CVs), and the bias potential takes the form of Gaussian
functions.
Metadynamic-BOMD simulations were carried out using PLUMED [122] plugin with
PWscf [117, 118] at finite temperature. Intermediate configurations of the Metadynamic-
BOMD simulations were ionically relaxed with more accurate parameters. It should be
stressed that Metadynamic-BOMD simulations were employed to identified different ad-
sorption configurations rather than to sample the FES. The slabs have been modeled by 4 Au
layers, and were separated by 13 Å. The bottom two layers were frozen in all calculations,
adsorbates are placed on one side of the surface. Thus, dipole corrections are used. For
the Brillouin zone integration, we have used a (4 × 4 × 1) Monkhorst-Pack grid of special
:-points [107] for the ? (4 × 4) surface unit cells (SUs). Kinetic energy cutoffs were 25 and
100 Ry for the wave functions and charge density, respectively. The Berendsen thermostat
was used. A time step of 2.4 fs was taken for all Metadynamic-BOMD simulations. Three
CVs were selected, the (G, H) coordinates of Auad and the coordination number of Auad with
Cl atoms. No constraints were placed on the systems. The bias potential was applied after
10 time steps.
Table A.2.: Parameters for PLUMED plugin used in the test simulations. A time step of 2.4
fs was employed for all calculations. Every ten time steps a bias potential was
applied.
Test Temp. (K) CV Sigma Height (eV)




0.4 Å, 0.4 Å, 0.04 0.05Fig. A.3 2 400 0.05
Fig. A.5 3 400 0.2 Å, 0.2 Å, 0.02 0.01
Figures A.1, A.3 and A.5 show three trajectories of the corresponding Au and Cl adatoms
performed with the parameters in Tab. A.2. The variation of z coordinate of selected Cl
adatoms relative to I0 and the variation of the distance between Auad and selected Cl adatoms
relative to 30 along the simulations are shown in Fig. A.2 and A.4. ΔI and Δ3 are plotted
in 0 units (nearest-neighbor distance equals to 2.94 Å). I0 represents the z coordinate of Cl
adatoms in the 2 (2 × 2) adlayer in the absence of a Auad at ) = 0 K. 30 is the Au–Cl bond
length in AuadCl2 complex in the Cl covered surface, which amounts to 2.31 Å at ) = 0 K.
In Fig. A.1 the initial configuration is characterized by a AuadCl complex at the hollow
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A.3. Molecular Dynamics Trajectories
site of the substrate. During the simulation it is observed that six Cl adatoms are oscillating
around their initial (G, H) positions. Cl adatoms are also oscillating around their initial
z coordinate, see Fig. A.2 ΔI vs iterations (cyan and pink curves). The remaining two Cl
adatoms and the Auad participate in the formation and dissociation of a AuadCl2 complex,
which is approximately arranged along the [010] direction of the substrate. It should be
pointed out that ΔI for a Cl atom in the AuadCl2 complex amounts to 0.2 0 at ) = 0 K. In
Fig. A.2 it is observed that the values of ΔI oscillate around 0.2 0 for the Cl adatoms with
blue and orange trajectories between the iterations 500 (1.2 ps) and 2500 (6 ps). In the same
interval of time the values of Δ3 oscillate around zero. At iteration 2500 (6 ps) the Cl adatom
with blue trajectory diffuses to the top of the Auad and then descends to the surface. Within
this interval of time the values of ΔI increase for the blue curve, as well as the values of Δ3
for the orange curve i.e the Cl adatom detaches from the Auad. The simulation results in the
diffusion of the Auad along the [1̄10] direction of the substrate.
Figure A.1.: Trajectories of the Au and Cl adatoms taken from the metadynamic-BOMD
of an adsorption configuration of Auad on the 2 (2 × 2)-Cl covered Au(001)
surface with Θ = 1/2 at 300 K. Coordinates are given in 0 units (0 is the nearest-
neighbor distance and amounts to 2.94 Å). The trajectory of Auad is colored by
red. Calculations were carried out with 25 Ry and a 4 Au layer slab. Atomic
geometry for the initial configuration in a ? (4 × 4) surface unit cell (SUC) is
shown.
Similar results are obtained for the trajectory shown in Fig. A.3 at 400 K, which is started
from an unstable AuadCl2 configuration. However, a AuadCl2 complex arranged along the
[110] direction of the substrate is formed.
The trajectories in Fig. A.5 are the result of a simulation with small value of height (0.01
eV) for the deposited Gaussian functions. For this parameter the AuadCl2 complex moves
around its initial position rather than dissociate. This movement causes the diffusion of
neighboring Cl adatoms to the next bridge sites of the substrate as shown in Fig. A.5.
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Figure A.2.: Top: Variation of z coordinate of selected Cl adatoms relative to the z coordinate
of a Cl adatom in a 2 (2× 2) adlayer without a Auad, ΔI, along the metadynamic-
BOMD simulation. Bottom: Variation of the distance between Auad and selected
Cl adatoms relative to Au–Cl bond length of the AuadCl2 in the Cl covered
Au(001) surface (2.31Å), Δ3 , along the simulation. ΔI and Δ3 are plotted in 0
units. Colors are referred to FigA.1.
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Figure A.3.: Trajectories of the Au and Cl adatoms taken from the metadynamic-BOMD of
an adsorption configuration of Auad on the 2 (2 × 2)-Cl covered Au(001) surface
with Θ = 1/2 at 400 K. Coordinates are given in 0 units. The trajectory of Auad




Figure A.4.: Top: Variation of z coordinate of selected Cl adatoms relative to the z coordinate
of a Cl adatom in a 2 (2× 2) adlayer without a Auad, ΔI, along the metadynamic-
BOMD simulation. Bottom: Variation of the distance between Auad and selected
Cl adatoms relative to Au–Cl bond length of the AuadCl2 in the Cl covered
Au(001) surface (2.31Å), Δ3 , along the simulation. Colors are referred to Fig A.3.
ΔI and Δ3 are plotted in 0 units.
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A.3. Molecular Dynamics Trajectories
Figure A.5.: Trajectories of the Au and Cl adatoms taken from the metadynamic-BOMD of
an adsorption configuration of Auad on the 2 (2 × 2)-Cl covered Au(001) surface
with Θ = 1/2 at 400 K. Coordinates are given in 0 units. The trajectory of Auad




A.4. Adsorption Configurations of Auad on c(2 × 2)-Cl Au(001)
with an Additional Cl Atom
In Tab. A.4 the energy of the local minimum energy configurations with reference to the
proposed global minimum configuration is presented for a Au adatom on the 2 (2 × 2)-Cl
covered Au(001) surface in the presence of an additional Cl atom. The adsorption configura-
tions in Tab. A.4 have been calculated with 4 Au layers and (3 × 3 × 1) k-points, 30 Ry of
cutoff energy and 13 Å vacuum region.
Table A.3.: Adsorption configurations for Au adatom on c(2×2)-Cl Au(001) with an additional
Cl atom. Black squares denote the ? (6 × 6) SUC.
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Configuration Δ E (eV) Configuration Δ E (eV)
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A.5. Au2Cl= Complex on Clean Unreconstructed Au(001)
Here we provide a list of all possible configurations of Au2Cl= for = = 1, 3, 4 on clean
unreconstructed Au(001) surface. A special selection of configurations has been calculated
by means of DFT using Quantum Espresso package [117, 118].
Energy differences are calculated using Eq. 5.9 defined in Chapter 5 for values of `Cl
corresponding to Θ = 1/16. The parameters chosen for the calculations are less accurate,
but sufficient to distinguish the ground state configuration with the lowest total energy. The
parameters chosen for Au2ClG /Au(001) are less accurate, but sufficient to distinguish the
ground state configuration with the lowest total energy. The adsorption configurations have
been modeled in four slab geometry, and a ? (4 × 4) SUC with (4 × 4 × 1) Monkhorst-Pack
grid of special :-points [107].
Table A.4.: Adsorption configurations of Au2Cl= for = = 1, 3, 4 on Au(001) surface. Black
squares denote the ? (4 × 4) SUC.
=Cl Configuration di (`Cl,Θ=1/16) (eV) 3Au−Au (Å)
1 -0.16 3.13
Continued on next page
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All density functional calculations in this work have been performed with the program PWscf from the Quantum ESPRESSO
package [1, 2] using ultrasoft pseudopotentials [3] from the open-source GBRV library [4]. Adsorption configurations have been
simulated by using asymmetric slabs with 6 Au layers. A vacuum region of 13 Å including a dipole correction [5, 6] was used.
Total energies have been calculated using a plane-waves basis set of 30 Ry cutoff energy. For all further computational details
see the main text.
S.1. CONVERGENCE TESTS
Convergence tests (with respect to the number of k-points and surface unit cell (SUC)) have been carried through in order to
estimate the accuracy of the adsorption energy of chlorine on Au(001) surface, as well as the accuracy and the numerical error
of the binding energy of the Auad dimer. Further convergence tests with respect to the number of Au layers, plane-wave cutoff
energy can be found in the Supplementary Material from Ref. [7].
S.1.A. Adsorption of Cl on Au(001) surface
The adsorption energy of Cl on the unreconstructed Au(001) surface per site, Eads, as a function of the Cl chemical potential
yields the c(2× 2)-Cl adlayer as equilibrium structure for µCl in the range of [−0.94,−0.35] eV, see Fig. 1 in the main text.
In Tab. S1 and Tab. S2, the adsorption energies Eads and εads for several SUC’s with Cl coverage Θ = 1/2 and Θ < 1/2 are











We observe that denser k-points produce a variation of roughly 0.01 eV for each SUC.
TABLE S1. Comparison of k-points density for c(2×2)-Cl/Au(001) with Θ = 1/2.
SUC k-points εads / eV Eads(Θ,0) / eV
c(2×2) (16×16×1) -1.085 -0.543
c(2×2) (18×18×1) -1.080 -0.540
p(2×2) (12×12×1) -1.083 -0.541
p(4×4) (4×4×1) -1.089 -0.545
p(4×4) (6×6×1) -1.083 -0.542
p(6×6) (4×4×1) -1.083 -0.542
TABLE S2. List of adsorption energies for Θ < 1/2. For Θ = 0.125 εads and Eads have been calculated for identical adsorption geometries
with (8×8×1) and (10×10×1) k-points meshes. The two structures for Θ = 0.25 differ from each other, see Fig. S1(a). The same is true
for the two structures for Θ = 0.33 in Fig. S1(b).
SUC k-points Θ εads / eV Eads(Θ,0) / eV
p(4×4) (6×6×1) 0.0625 -1.220 -0.076
p(3×3) (8×8×1) 0.11 -1.179 -0.131
c(4×4) (8×8×1) 0.125 -1.221 -0.153
c(4×4) (10×10×1) 0.125 -1.213 -0.152
p(2×2) (12×12×1) 0.25 -1.116 -0.279
p(2×4) (12×6×1) 0.25 -1.147 -0.287
p(3×3) (8×8×1) 0.33 -1.130 -0.377
p(6×6) (4×4×1) 0.33 -1.153 -0.384
p(6×6) (4×4×1) 0.39 -1.120 -0.436
p(6×6) (4×4×1) 0.42 -1.109 -0.462
p(6×6) (4×4×1) 0.44 -1.099 -0.488
p(6×6) (4×4×1) 0.47 -1.090 -0.515
3
a) Ѳ=0.25
p(2×2) SUC p(2×4) SUC
b) Ѳ=0.33
p(3×3) SUC p(6×6) SUC
FIG. S1. Ground state adsorption configurations for Θ = 0.25 (a) and Θ = 0.33 (b). Black squares represent the surface unit cells used in the
calculations.
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S.1.B. (AuadCl2)2 on c(2×2)-Cl Au(001) surface
For two AuadCl2 complexes, which are far away from each other, the binding energy must approach to zero. We restrict
ourselves to Cl chemical potentials µCl, where the equilibrium configuration of Auad monomer does not contain any Cl vacancy.
In this case the binding energy of the monomers is
E∗bind(C ,Nsite) = E(2,Nsite/2,C ,Nsite)+E0(0,Nsite/2,Nsite/2)−2E0(1,Nsite/2,Nsite/2). (2)
In the p(6× 6) SUC the binding energy of two AuadCl2 far away from each other (Fig. S2(a)) amounts to 3 meV, this value is
less than the accuracy and the numerical error of the calculation.
a) b) c)
FIG. S2. Atomic structures of two AuadCl2 complexes on the c(2×2)-Cl Au(001) surface (a), c(2×2)-Cl Au(001) surface (b) and a AuadCl2
complex on the c(2×2)-Cl Au(001) surface (c). All configurations have Θ = 1/2.
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S.2. ENERGY OF A Cl VACANCY ON A c(2×2)-Cl Au(001) SURFACE
In Table S3 the vacancy energies of the most relevant adsorption configurations for c(2× 2)-Cl Au(001) with nVac=1, 2, 3,









E0(0,Nsite/2,Nsite) is the total energy of a c(2×2)-Cl Au(001) slab for Θ = 1/2.
TABLE S3: Adsorption configurations of c(2× 2)-Cl Au(001) structures with
nVac Cl vacancies.
nVac Configuration E∗Vac / eV Configuration E
∗
Vac / eV




Continued on next page
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S.3. ADSORPTION CONFIGURATIONS OF SMALL Auad CLUSTERS ON A c(2×2)-Cl Au(001) SURFACE
In the present section we give an overview of the calculated adsorption configurations of Cl in the vicinity of a Auad monomer,
dimer, trimer and tetramer on unreconstructed Au(001) surface for various number of Cl vacancies nVac within a p(6×6) SUC.
S.3.A. Auad monomer
For a given number of Cl vacancies nVac the energy of a slab containing a Au adatom on c(2× 2)-Cl Au(001) surface with
reference to the lowest energy adsorption configuration is presented in Tab. S4 (nVac = 2), Tab. S5 (nVac = 3) and Tab. S6 (nVac =
4). The configurations for nVac = 0,1 are not listed here, as they can be found in the Supplementary Material of Ref. [7].
1. nVac = 2 Cl vacancies
TABLE S4: Adsorption configurations for Auad on a c(2 × 2)-Cl covered
Au(001) with nVac = 2 Cl vacancies.
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Configuration ∆ E/ meV Configuration ∆ E/ meV
AuCl
193 Au 402
2. nVac = 3 Cl vacancies
TABLE S5: Adsorption configurations for Auad on c(2×2)-Cl covered Au(001)
for nVac = 3 Cl vacancies.



















3. nVac = 4 Cl vacancies
TABLE S6: Adsorption configurations for Auad monomer on c(2×2)-Cl covered
Au(001) for nVac = 4.
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At a given number of Cl vacancies nVac the energy of a Auad dimer on a c(2× 2)-Cl Au(001) surface with reference to the
lowest adsorption configuration is presented in Tab. S7 (nVac = 0) – Tab. S11 (nVac = 4).
1. nVac = 0 Cl vacancy
TABLE S7: Adsorption configurations for Auad dimer on c(2× 2)-Cl covered
Au(001) for nVac =0 .
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2. nVac = 1 Cl vacancy
TABLE S8: Adsorption configurations for Auad on c(2×2)-Cl covered Au(001)
for nVac = 1.
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3. nVac = 2 Cl vacancies
TABLE S9: Adsorption configurations for Auad dimer on c(2× 2)-Cl covered
Au(001) for nVac = 2.
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4. nVac = 3 Cl vacancies
TABLE S10: Adsorption configurations for Auad on c(2×2)-Cl covered Au(001)
for nVac = 3.
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5. nVac = 4 Cl vacancies
TABLE S11: Adsorption configurations for Auad dimer on c(2× 2)-Cl covered
Au(001) for nVac = 4.
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At a given number of Cl vacancies nVac the energy of a Auad trimer on a c(2× 2)-Cl Au(001) surface with reference to the
lowest adsorption configuration is presented in Tab. S12 (nVac = 0) – Tab. S14 (nVac = 2).
1. nVac = 0 Cl vacancy
TABLE S12: Adsorption configurations for Auad trimer on c(2× 2)-Cl covered
Au(001) for nVac = 0.
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2. nVac = 1 Cl vacancy
TABLE S13: Adsorption configurations for Auad trimer on c(2× 2)-Cl covered
Au(001) for nVac = 1.



































3. nVac = 2 Cl vacancies
TABLE S14: Adsorption configurations for Auad trimer on c(2× 2)-Cl covered
Au(001) for nVac = 2.


































At a given number of Cl vacancies nVac the energy of a Auad tetramer on a c(2×2)-Cl Au(001) surface with reference to the
lowest adsorption configuration is presented in Tab. S15 (nVac = 0) – Tab. S17 (nVac = 2).
1. nVac = 0 Cl vacancy
TABLE S15: Adsorption configurations for Auad tetramer on c(2×2)-Cl covered
Au(001) for nVac = 0.










































2. nVac = 1 Cl vacancy
TABLE S16: Adsorption configurations for Auad tetramer on c(2×2)-Cl covered
Au(001) for nVac = 1.
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3. nVac = 2 Cl vacancies
TABLE S17: Adsorption configurations for Auad tetramer on c(2×2)-Cl covered
Au(001) for nVac = 2.
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A.7. Au4Cl= Complex on Clean Unreconstructed Au(001)
Here we provide a list of all possible configurations of Au4Cl= for = = 1, 2 on clean unrecon-
structed Au(001) surface. Adsorption configurations have been selected with the following
criterion:
(i) Au adatoms reside at hollow site
(ii) Cl–Cl separation is larger than 30/2 (≈ 4.41 Å).
A special selection of configurations has been calculated by means of DFT using Quantum
Espresso package [117, 118]. Calculated structures are labeled by the symbol!, otherwise
configurations are denoted by%. Energy differences are calculated using Eq. 5.11 defined
in Chapter 5 for values of `Cl corresponding to Θ = 1/16. The parameters chosen for the
calculations are less accurate, but sufficient to distinguish the ground state configuration
with the lowest total energy. The slabs have been modeled by 4 Au layers, and were separated
by 13 Å. For the Brillouin zone integration, we have used a (3 × 3 × 1) Monkhorst-Pack grid
of special :-points [107] for the ? (6 × 6) surface unit cells.
Table A.5.: Adsorption configurations of Au4Cl= for = = 1, 2 on Au(001) surface. Black
squares denote the ? (6 × 6) SUC.
=Cl Configuration di (`Cl,Θ=1/16) (eV) 3Cl−Cl (Å)
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=Cl Configuration di (`Cl,Θ=1/16) (eV) 3Cl−Cl
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Table A.5 - Continued from previous page
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